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FOREWORD

Several attempts have been made in the past by scientists experimentally active in thermodynamics of alloys either to
organize discussion meetings or to find a niche at some other conference. All these efforts have not succeeded in establishing a
permanent sequence of meetings which would provide a possibility for a recurrent exchange of information and results for the
practitioners in this field of science. Two years ago, in April 1988, another discussion meeting was held in Vienna, Austria,
with a strong possibility that another attempt would come to naught. By gentle persuasion our Spanish colleagues could
be induced to pick up the torch and organize the sequel conference in May 1990 - and with the promise of Prof. Hertz to
follow up with a discussion meeting in Nancy, France, in 1992 a series of conferences has been finally established which should
provide a sounding board for ideas and results in th. field of thrirodynamics of alloys.

The present proceedings of the discussion meeting in Sant Feliu de Guixols show the breadth of interests and the interna-
tional scope. Scientists of nine countries met for four days, presented their results and exchanged experiences. It would be
indeed arbitrary to try and select high lights from among the papers presented in these proceedings, and it will be best left
to the reader to choose according to his/her interests.

It was very gratifying to note the presence of many younger scientists who by their coatributions demonstrated that they
are quite ready to contina snd promote th,- field of thermodynamics of alloys. This discussion meeting would not have been
possible without the superb organization by Prof. Mora and Prof. Clavaguera, and their coworkers. They not only chose a
lovely place on the Costa Brava but also took care to provide a well balanced mix of science and relaxation. The international
scientific community owes them a great debt- both for a job extremely well done as far as the conference is concerned and for
forging the so far missing link to establish a continuing series of iL: meetings.

K.L. Komarek
University of Vienna



PREFACE

This -ir-'cal issue of "Anales de Ffsica' contains the proceedings of the Discussion Meeting on Thermodynamics of Alloys
which was held in Sant Feliu de Guixols (Costa Brava, Catalonia) Spain, from 23 to 26 May 1990, organized by the Physics
of Materials Group of the Autonomous University of Barcelona

The scientific program covered different aspects of the determination of thermodynamic quantities, possible theoretical
modeling and calculations. It consisted of seven plenary lectures of one hour, twenty two oral and ten poster contributions.

The Discussion Meeting was attended by about sixty scientists comming from ten countries, reflecting the interest in the
research and development of the thermodynamic problems.

In this proceedings are compiled most of the plenary lectures and the contributed papers presented at the Discussion
Meeting. The later were subjected to a fast-refereeing procedure during the Discussion Meetig and revisions have been
made if necessary. We express our thanks to all the authors for accepting to keep their papers limited in le.-.Et ,a, for their
cooperation in preparing camera-ready typescripts. Also, thaks are due to the various referees for their critical reauint
the papers.

Finally it is our pleasure to announce that the next Discussion Meeting will be held in Nancy, probably in 1992, being
chaired by Professor J. Hertz.

Bellaterra/Barcelona, August 1990

M.D. Bar6
N. Clavagnera

S. Surijach
Editors
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DETERMINATION OF THE THERMODYNAMIC PROPERTIES OF FORMATION
OF ALLOYS AT HIGH TEMPERATURES

J. HERTZ and J.C. GACHON

Laboratory of Metallurgical Thermodynamics
University of Nancy I - U.R.A CNRS 1108

B. P. 239 - 54506 Vandoeuvre-les-Nancy Cedex (France)

Abstract " The determination of the thermodynamic functions of formation of alloys is
examined in the light of the own experience of the authors. At high temperature,where the
entropy ternm becomes important for the stability of each phase it is very important to obtain the
two components of the Gibbs function : the enthalpy and the entropy. Experimental
measurements of the chemical potential allow, by derivation versus temperature, to deduce the
partial enthalpy and the partial entropy. But for an accurate knowledge of the enthalpy,
calorimetry is needed. There exist two types of calorimetric method : direct, by reaction
between the components of alloys or indirect mixing calorimetry in a solvent. In any case the
most efficient way is to "cross" the experimental values obtained for the enthalpies with other
results involving the Gibbs function. In this direction the "Calphad" method can be used as a
real experimental tool when a good knowledge of the phase diagram is available,,-t is also
possible to "cross" the enthalpies with E.M.F., vapor-pressure, mass-spectrografA,, ... The
determination of a complete set of thermodynamic data for each system appears -is, a real
strategic game.

At the beginning of the preparation of this
lecture we first thought of speaking only about the Alloying properties are determined by the Gibbs
experimental ways to measure the thermodynamic function g and this function can be taken as composed
properties of formation of alloys. In fact our lab in of two parts, the enthalpy and the entropy terms
Nancy is especially an experimental laboratory and,
since many years, we have engaged heavy experimental g = h - T.s (I)
programs in view of determining thermodynamic Any integral quantity, in a multicomponent system, is
functions related to the formation of alloys. But the sum of its partial quantities:
considering the stronor interaction existing between the
real experimental measurements and the estimations of g = x ij (2)
data obtained by optimizations of phase diagrams, we
think that it is more equitable to speak about the with Pi hi -Tsi (3)
"determination" of thermodynamic properties. h = x1 hi  (4)

The choice of the method to determine any
numerical value in the ticid of thermodynamics is (5)
never predetermined and nobody can pledge his word
that any such particular way is the best. In fact any
determination of a thermodynamic quantity for any Chemical potentials l-i, are the partial molar
system is based on the analysis of the situation : quantities of the Gibbs function. Measurement of any

1) What has to be done with such a Gibbs function requires the establishment of a
determination? reversible equilibrium in a cell and the determination
2) How many time can we spend to obtain it? of all the component chemical potentials. The universal
3) What is the budget allowed to get it? method to do that is the mass spectrography in which it
4) Does it exist anybody in the world who already is possible to measure independently the chemical
got a value of that quantity ? (literature potentials of all the species. This is a very heavy and
exploration), difficult technology which needs very specialised
5) Is it possible that any technique developped in groups. I am not familiar with it and I don't like to
my surroundings can produce a good direct or speak about it. Recently, Necker has published a very
indirect information on this numerical value? complete review of this question (1). In addition to

mass spectrography there exist various other methods
If the balance of all these arguments decides to obtain information on the chemical potentials in the

your group to undertake the determination of this system"
numerical quantity you are engaged in a strategic . vapor pressure measurements and
game. qliivalent methods : effusion - ;:.,stic ....

I - What kind of thermodynamic properties e.m.t measurements.

for alloys? Generally speaking, by such methods, we are not
1 - 1 The Gibbs function able to characterise all the chemical potentials of all the



species. But if we are dealing with binary ystcni the
measurement of oneC component chemical [X)terltial is The Van thfou derivation

eogconsidering the Gibbs Duhem isobaric
istnOUiah relation :i(9

XI dp I+ 5dji: = () 16
wAhich can be integrated. I nese two lormulac express that NOt enthalpics

I - 2 The entropies and entropies can be determined starting only fronm
Gibbs measuremencris at different temperatures.

Generaly speaking entropies are the most
difficult quantities to obtain :the unique way to I - 4 The enthalpies
measure directly this kind of' function would be the But the best method1 to measure accuratcl\, the
iiiteeration of he~it capacities. Cp, from 0 to TIK :nhlisrmis'eclrmty h etfo

C linkca to any evolution of a .;y~:tem placed in the cell
- j 61d using the Nernst postulate (7) of a calorimeter, at constant pressure. measurcs

0 directly the s nation AH- of thc syptem crnthalpy.

We think that only a few laboratories (or I - 5 Crossed strategies
perhaps none) in the world are enigageo in such a
programn of determination of' Cp in Aide ranges of It is often possible to combine the Gibbs iintcvral
composition and temperature. or partial functions with the enthalpy :if' it is possible

h -1- 3 The two derivations or the to measure separately g and h we deduce s --
G;ibbs function

without any derivation -versus temiperature.
In fact, the most information conc'zrning I-6 Gnrlve nteeprmna

entropies is deduced from Gibbs function p ir - 6 Germal ie n h epeiena
meaeie,,~~.There exist two kinds of derivation of piayifrain

the Gibbs wit~on Table I summarises the primary methods to)
The ibb-Helhoti deivaionobtain experimental function of mixing :it can been
The ibbs liemho. U'rivaionseen that, the most often, integral enthalpies and

partial Gibbs potentiats are got. Nevertheless for
(8) liquid phases the partial entbalpies are also often

available.

Table I Primary exoerimental information for binaries.
_____ _______Thermodynamric functions of' mixing.

___ hi h Il g
_Mc eato 1) Integration of hi 4a~s qxctingraphy ibbhs-Duhem

Liquid calorimetry by 2) Direct reaction F'.M. F integration or similar
alloys addition of calorimetry at various vapo~r pressure (CALPI IAI-modeiisation)

com2flefnL concentrationls effusion AsopiCstic _______________________

1) indirect mix,;ng iot, -specctrography (iibbs-Duhcm
cal oniTe try .M[integration Or

solid in a solvent bath vaptor pressure similar
stoluions 2) Direct reaction isopiestic (CAtP lAl)-modelisation)

calorimetry starting
from comnennts _____________ ______________________

1) Indirect mixing mwos-sitectiography ihhs-Duhem
calorimetry in a IE.M.F in a intcgration or simrilar
solvent bath two-phase domain (CALPIIAD- rmiodelisation)

?I Direct reaction
calorimetry

Conrq-Aund: 3) Precipiiation of a
eiimpoini 'n a liqiI,) hath

3-1 stoechiometrie
compirosition

3-2 Fuler equation with
_________ ______________ partial centhalpies ___________ _ ____________________



3

2 - Optimization of phase diagrams ge =x (ix) Y ai x i (10)
WCALPIIAD Methods) o

There exist also various programs for An improvement was introduced by Redlich and Kister
optimization of phase diagrams. This method can be (11) for binaries, using simultaneously the two mole
used either for determining the equilibrium phases in a fractions
system under various conditions or also (on the
contrary) for estimating the thermodynamic functions
ot mixing of any phase in the system. The results ge X X2 Yai (xI -x 2) (11)
which are obtained depend slightly on the model used
tor representation of the Gibbs functions and also on
the mathematical method of optimization. Nevertheless This kind of development can be easily extended
there is a universal method to transforme a lot of to ternaries and multi-component systems. Hillert (12)
fragmentary information about thermodynamic has presented a review of these ex.ensions for
properties (for a system) into a full set of coherent ternaries. The interest of the first Redlich-Kister
data. (Table [1). We call this method the "CAI PHAD asymetric term concerns its identity with the first
method" by reference to the international group degree term of orthogonal Legendre polynomials
devoted to the development of such optimizations.
Polynomial developments of the excess Gibbs energy is xI -x2 = 2x - 1 (12)
a rather old idea. Historically, for binaries, the method
is related to Margules equation (10), where the excess These orthogonal polynomials have been used by
Gibbs furLtiun is expressed by a polynomial Pelton et at (3) and more recently by our group in
development of one mole fraction x Nancy in the program NANCYUN (6)

Table II 0ptimization of the phase-dia ram

Ingredient inputs: modelisation of output full coherent
(fragmenLirv ini-crmation) the excess Gibbs functions set of data

x T V) line 1) Polynomial development x (7) lines
h, "I**A*C*T" Pelton (2) hi
h "Lukas" (3) h
si  "Extxd" Oonk and al (4) et (5) si
s 'Nancyun" (6) s
Pi 2) Sublattice model : llillert (7) li
g "'Thermo-Calc" Sundman and Agrrn (8) g

3) Iloch and Arpshofcn model(9)
4) Statisical m xidels

Fig 1-Calvets type sensor designed by Gachon for service up to 1900K.
The thermopile contains about 400 thermocouple-junctions.



3 - High temperature calorimetric data

Now what about the meaning of high
temperature measurements ? It is possible to
define the high temperature domain as the diffusion
domain, for metallic phases, which is located above 1t
about half of the melting temperature of the phase
exprcssed in kelvins. For lead alloys, for instance, high
temperature starts at room temperature. But we are
sure that the organising committee of this meeting
would be somewhat disapointed if we limit this lecture OTA Rod
to room temperature experiments. Generaly speaking
there exist a lDt of new experimental difficulties when
,Aorming above l(KK)°C. [his is the reason why we ,
lve chosen to speak about the determination of -
thermodynamic data of mixing above
1000OC...These new experimental difficulties concern -

three main points :
I - The choice of the sensor to detect the PUCBLES

calorimetric heat effect, I ru s'en r g am-el ,,:
1I - The reaction of the metallic substance with

the crucible,
III - The high vapor pressure of the alloys which WPE HOOK

can induce important losses of mater by vaporisation
or sublimation, associated with a systematic error for
the heat of mixing. To avoid this difficulty, it seems to _TJN3STEN.Pr_"E

us, that the best way, when possible, is to obtain a very
quick reaction between the condensed phases dropped
into the calorimeter, so that the vaporisation process
becomes no significant during the reaction
measurement. That means that always higher Fig 2-Te 2700 K DIA sensoT by SLTARAM.
temperatures will be needed.

We would not like to do here a complete review
of the calorimetric methods in metallurgy, this has 3 - 1 Radiation calorimetry
been done very recently by Castanet (14) for the Nato
school "Thermochemistry of alloys" and we But the real new improvement concerns the use
recommand the lecture of this highly documented of the radiation signal of the sample, at high
review. Previousely, we have also presented a review temperature, to measure the heat flow. Stefan's law
focusing the application of the calorimetric methods in induces that the radiation heat flow becomes
the field of metallurgy (15). The most important basic predominant at very high temperature. Frohberg (17)
principles of calorimetric methods in metallurgy were has made, with his coworkers, in Berlin, a levitation
well described (16) by Predel, Arpshofen and Pool in calorimeter based on radiation measairement. The
1978. principle of the device is explained on figure 3. Using

a twocolor pyrometer it is possible to follow the
Calorimetric thermopiles for Calvet-type or variation of temperature of the sample during the

similar devices are efficient up to 1500°C in special reaction process and to correct it from the variation of
apparatus. But at this high temperature the lifetime of the emissivity coefficient. Frohberg determines the
the sensor is often very short and we are considering time when the loss of heat, by radiation, is equal to the
the sensor as a consumable part of the calorimeter,, gain of heat, by electrical induction. At this precise

I shows a new thermopile designed by time the extrapoled temperature-versus time curve
imre tcrosses the correct variation of temperature linked toGachon. This sensor is made of more than 400.

thermocouple junctions made of special platinum the reaction (figure 4). The calorimeter is treated as an

alloys. It looks like a real Calvet-type thermopile and it isoperibolic one. The estimation of the accuracy gives

is efficient up to 6 C in an oxidizing atmosphere about ± 12 % for an enthalpy of mixing measured at
andeficint up to 1 600 °Ca higy reding 3000 K. Figure 5 illustrates the results obtained withand up to 1500°C in a highly reducing one. liquid molybdenum silicon alloys at 3000 K (17). We

Up to 2400'C it is possible to perform semi- would like to emphasise that such a procedure avoid
quantitative DTA. Commercial cells are built of any problem of reaction with the crucible (levitation)
refractory metals like tungsten and rhenium, tnd that which induces drastic difficulties in very high
means that only a reducing atmosphere is aillwed temperature calorimeters. Nevertheless the loss of
(Figure 2). product by vaporization can be a source of

difficulties.
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Fig 5- Integral molar heat of mixing of the system molybdenum-silicon measured, near 3000K, by Frohberg and Arpaci (17).

Prof. Komareck in Vienna. The device is based on a
3 - 2 Direct reaction calorimetry for Setaram high-temperature fluxmeter, highly modified

solid and liquid phases (18). Figures 6 and 7 show the partial and integral

enthalpies of mixing obtained by Hayer et al (19) for
3 - 2 - 1 Liquid Phases gold-aluminum liquid alloys at various temperatures.

At lower temperatures, liquid alloys can be We would like to underline the high quality of these

synthetised directly by dropping small pieces of a pure measurements.

component in a molten bath, contained in the Predels group at the MPI of Stuttgart has
calorimetric cell, starting either with a pure solvent or devoted a lot of studies to the liquid metallic state and
with an prealloyed liquid with a well-known built particular calorimetcs for the determination of
composition. We would like to illustrate this technique liquid mixing enthalpies. With a well stirred liquid
by an exemple of Franco-Austrian cooperation bath it is not necessary to have a full heat-flux
between the groups of Prof. Bros in Marseille and recording like in a Calvet type calorimeter.
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Only a few thermocouples are enough to get a
representative knowledge of the heat exchange i0 0.5T_

between the cell and the isothermal block of the i
calorimeter. Figure 8 shows the principle of the
calorimeter as described in a recent review by
Sommer (20). The sensor is built in at the bottom of d
the cell between the crucible and the isothermal block. -10-
A stirrer can be pulled to the upper part, when
introducing an amount of liquid. The sample is first
stored and melted in a particular crucible situated at\//
the top of the cell, maintained at the cell temperature
and closed by a stopper. In the initial device the sensor //
was made from chromel-alumel thermocouples which -20 a--1340K /
limited the temperature of use to 1300 K. More /
recently Lick and Predel (21) built a new version of h'
this calorimeter (figure 9), efficient up to 1900 K. In k.-,
this new version, only two thermocouples, one placed
at the heart of the bath, the second in the block, -30 b=1123K
deliver the thermal signal. Luck, Arpshofen, Predel
and Smith (22) have compared the results obtained
with this calorimeter or with a SETARAM high c=987K
temperature fluxmeter in the vicinity of 1800 K. For
the liquid (Ni, Ti) alloys they got the same results -401
(figure 10) in the scale of the experimental uncertainty
which is of the order of 3 %. 60

o 0 adiabatic
MVOo Colorimete' Dat

-10 Setlarom Calormeter Data . 0

-20 \
1Kubl,

-2oC \, b//

2-30 . "i/ /ai li b-c

-40 - -"!C -a-b

-50~-5°0 0.1 02 0.3 OA 0.5 0.6 0.7
Mole Fiocio n Ti 0.5 X,"

fig 10- Comparison of the mixing enthalpies of liquid (Ni, Ti)
alloys, measured with the vacuum calorimeter or with the Fig I1- The Indium-Tellium liquid alloys exhibit very important

SETARAM device, after LUck et al.(22). excess Cp near 1000K. (After Castanet (23))

A similar technique with a similar device is also
used by Dr Castanet in Marseille and also in our own p s 2 a 2 Sod nases. cTis t
laboratory in Nancy. In Castanet's work we chose, as particular study is also a good introduction to the
an exemple, the (In, Te) liquid system, where the technique used for measuring the enthalpy of
variation of the enthalpy of mixing within the formation of stoichiometric compounds by
temperature range is quite evident (23). Figure 11 precipitation in the liquid. The congruent melting point
illustrates the excess Cp detected in the liquid indium- of the Hf 2Ni7 compound was measured at 1705 K by
tellurium alloys between 987 K and 1344 K. This ATD (24). For this reason the enthalpy curves
phenomenum is linked to the short-range order which obtained at 1633 and 1743 K look very different from
disappears at high temperature. With a similar each other (figure 13). At 1633 K it is clear that the
procedure we have also detected in Nancy an two rectilinear enthalpies of mixing (versus xHf),
important excess Cp in the nickel-rich part of nickel- obtained on both sides of the compound, cross each
hafnium liquid alloys. The discrepancy between the other at the x = 0,22 concentration. This can be used
enthalpies of mixing in this system at 1633 and 1743 to measure the stoichiometry of the compound.
K, measured by Selhaoui and Gachon (24) is very We found very impressive the small
important (figure 12) and corresponds to an excess scattering of the experimental points, at such
mean value of about 80 J/mole K, at xtif = 0,15. a high temperature. The mean deviation is only

of the order of about ± 200 J/mole.
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Fig 12- The Hafnium-Nickel liquid alloys exhibit also very high values of excess Cp, near 1700 K. Under the congruent melting point, it is
possible to measure directly the stoichiomtry and the enthalpy of formation of the llf2 Ni7 compound.(After Selhaoui and Gachon (24)).

D
On the contrary, the accuracy of the calorimeter itself
is much lower. Figure 13 exhibits the deviation of the
results obtained at 1743 K, when calibrating the Pdoi67z'e,33
calorimeter with pure nickel samples taken at room 1 m 1O,1028 g
temperature (24). The standard deviation is about 5 %
of the measured value. Nevertheless, in such cases, the
results we got for the enthalpy of mixing is highly
reproducible. This fact is due to the "compensation
effect" between the endothermic heat effect of the
pure nickel at room temperature when falling into
the cell and the exothermic effect of the reaction. As
an exemple, at 1633 K, for XHf = 0,20 we had to A!: c E
measure less than 180 J for a result of 1,3 W. This
compensation effect is obtained with any highly
exothermic reaction. These is one of the most
important advantage of the "direct reaction
calorimetry".

CALORIMETER 10,1 mV
6B

SENSITIVITY

(arbitrary units) 0 5 min 10 mill

Fig 14- The "compensation effect".

MASS OF NICKEL Figure 14 illustrates the compensation effect obtained
200 200by synthetising a Pd2Zr compound. In the first step

200 400 600 oo 1000 1200 1400 ,n00 1i00 2000 mg (from A to B) the endothermic cooling of the crucible
by the cold sample is apparent. From B to D the

Fig 13- The calibration of the calorimeter: the mean deviation is exothermic reaction is active, crossing the base line in
about 5%.( Selhaoui and Gachon (24)). C. Within a few minutes the total reaction is achieved.
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The same technique of precipitation in the liquid X o
was used in our laboratory to measure the enthalpy of M(
formation of the GaMo3 compound. In this particular 10 30 50 70
case, the two "partners" exhibit the most important I

discrepancy between their melting temperatures : o first experiment
303 K for Gallium and 2890 K for Molybdenum. -2. 9 runs with small
High temperature calorimetry near 1500 K allows us species
to precipitate the compound when dropping small + second experiment
pellets of compressed pure molybdenum pow , into 6 runs with big

the liquid bath. Figure 15 shows the result obtained by species

Belgacem-Bouzida at 1523 K (25) by this technique. In -6
the two-phase domain, the partial enthalpies of mixing hMo =-26700
h(;a and hMo remain constant (fig. 15), and the integral E
enthalpy of formation of the compound Mo3Ga is h =00
obtained by the Euler equation : ""

h' (Moo.75 GaO.25) = 0.75 hMo + 0.25 hGa < -10

But it is also quite possible to measure directly
the integral enthalpy of the Mo3 Ga compound by
dropping into the cell of the calorimeter a mixture of T=1300 *C
powders of the two components, weighed and pressed -14
in the right proportions. The results we got (25) by the
two techniques are compatible and the precision on the
mean value is about 5 % :

Precipitation in the liquid (fig. 15)
hf (Ga0.25 MoO.75, 1573 K) = - 19725 ± 1000 J/mol -18

-19725
Direct integral reaction (2 runs)
hf (GaO.25 MoO.75, 1423 K) = - 18600 ± 1300 J/mol
Direct integral reaction (3 runs) Fig 15- Precipitation of the Mo 3 Ga compound in the liquid-solid
hf(Ga.25Mo0.75, 1523 K) = - 17900 ± 1000 J/mol mixture. By Belgacem-Bouzida, Notin and Ilertz (25).

Reference states fo; the experiments were solide
molybdenum and liquid gallium. X

Direct reaction calorimetry is also suitable for __

various synthesis reactions involving a metal , 0 04.,
component alloyed with a non metal. Berkane and i_
Gachon used this method in our laboratory to measure 0
directly the enthalpies of formation of chromium
carbides (26). Table III compares their results with the 1800 K
combustion-calorimetry of carbides, taken in literature E
(27, 28, 29, 30). It is evident that, (in spite in of the
fact that direct reaction calorimetry remains -40
inaccurate), in this case, the precision of this method is
five times better than that of the combustion
calorimetry.

Another advantage of integral synthesis is to -60
follow the variation of stoichiometry of a carbide.
Figure 16, as an example, illustrates the variation of
the enthalpy of formation of the Til-x Cx phase versus
x (0.32 _< x < 0.50), measured by Berkane in our
laboratory by direct reaction above 1500 0C (31). In -80
these experiments the reaction is not very quick and
this is the reason of the relatively important scattering
of the results, in particular near the x < 0.50
border. It is interesting to observe that the
extremum of the enthalpy does probably not Fig 16- Direct reaction calorimetry between Ti and C, to explore

the whole range of non-stoichiometry of the BI carbide. Bycorrespond to the stoichiometric compound TiC. Berkane, Gachon and Hertz.(31) The experimental scattering is
linked to the long delay needed to obtain the complete reaction.

9



Table III enthalpies of formation of (Cr, C) compounds
Direct reaction calorimetry at 1723 K and comparison with combustion calorimetry

units : J/mole
hf (1723 K) MAH MAH revised * MAH revised DAWSON

(26) (27) by JANAF by KULKARNI and SALE
(28) and WORREL (30)

(29)
1/29Cr23C6 - 9400 ± 1000 - 13700 - 113(X) - 9350 - 10200

1/10 Cr7C3 - 10700 ± 1800 - 18100 - 16100- - 14300 - 14900

1/5 Cr3C2 - 10000 ± 600 - 18800 - 17100 - 15600 - 16200
Comments : The results obtained by combustion calorimetry are strongly dependent of the value adopted for

the enthalpy offormation of the oxide Cr203.

MAll (27) used hf (Cr203) = - 276,6 k cal/mole, but this value has been revised by JANAF (28) and by
KULKARNI (29).

In any case the uncertainty ?n this reference enthalpy is about ± 8 k for two moles of chromium, inducing
in the final result an uncertainty of ± 5500 Jfor the enthalpy of formation.of the carbide

Table IV : Adaptation of the Dench and Kubaschewski procedure
T2 (Fe) + (Mn) --) hm (T2 ) -- (Fe, Mn) -- 0 -- (Fe, Mn)

h2 T Kubitz Thl Dench Th3
and Hayes

T 1  (Fe) + (Mn) -- 0 --4 (Fe) + (Mn) -4 hm (TI) -- (Fe, Mn)

enthalpy of formation of the solid phase, in the middle
Thirty five years before, Kubaschewski and part of the diagram, is about - 3000 ]/mole while the

Dench (32,33) proposed another method to obtain the magnitude of the heat content between 300 and 1400 K
alloying enthalpy of mixing (at room temperature) is of order of 25000 J : this is the reason why the
using an adiabatic device. The operating method results appear relatively scattered. The total measured
consisted to use the calorimeter as a DSC system quantity is about seven times greater than the required
heating a mixture of the components from mixing enthalpy.
room temperature up to high temperature where the
reaction took place, the total heat effect being
integrated. During a second run. only the heat content
of the alloy was characterised. By subtracting the total
heat effect of the second run from the first one, they
obtained the heat of mixing at room temperature.

mot fraction Mn
The Dench and Kubaschewski calorimetric Fe 0,1 0,2 0.3 0,4 0,5 0.6 0.7 0,B 0,9 Mn

procedure has been more recently adapted by
Kubaschewski and Grundmann (34), and also by
Kubitz an Hayes (35) to obtain the enthalpy of mixing
at high temperature, instead of room temperature.
Table IV give the principle of this modification. -1000

During the second heating, the heat contents of
the pure components, taken in the same quantity, is
measured without mixing to obtain hm (T2) • --200 0  "

hm 
(T 2) = hI -h2 (13)

While the Dcnch's initial procedure gave hm (TM):

hm (TI) = hi - h3 (14)

The results obtained by Kubitz and Hayes (35)
for the enthalpies of mixing of the (Fe, Mn) solid f.c.c. Fig 17- Enthalpies of mixing of the (Fe, Mn) y alloys at 1443 K
solution at 1443 K are presented in figure 17. The After Kubitzandllayes(35)
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Capelli, Ferro and Borsese built, in 1974, a
A variant of Kubaschewski's and Dench's fluxmetric calorimeter containing 4 cells in the same

method has been developped simultaneously by two isothermal block (37) (fig. 18). A mixture of the
groups of the university of Genova respectively led by components is heated by an electrical wire up to the
Professors Iandelli and Ferro. The idea is to use a start of the alloying reaction. The total heat effect,
fluxmetric calorimeter at increasing temperature, to corresponding to the electrical heating (known energy)
start between the components a reaction which gives a and to the chemical reaction, is determined by an
very important heat during the reaction. This isoperibolic procedure. Both methods were widely
exothermal effect is sufficient to achieve the complete applied by the two groups for measurements of heats
reaction, after starting, without any other external of formation of intermetallic compounds having a high
heating. Starting temperatures are in the vicinity of congruent melting temperature and a highly negative
600 K. The first description of such a procedure was enthalpy of formation. In particular, alloys of Ca, Ba,
given by Palenzona in 1973 (36). Sr and especially intermetallic compounds with rare-

..... -- .earth components were studied. As an illustration of
- ...... I~ the results obtained in Genova, we chose to present on
- ----. - figure 19 a comparison between Miedema's model

r -predictions and experimental measurements obtained
--- ,by Borsese, Borzone and Ferro (38) and by Palenzona
- and Cirafici (39) for various rare-earth compounds. It

_ -- is important to underline that the methods used in
calorimeters.

___ 2170

2000 -3O~ f3-O4 Sb3 1890

OY4 1780 gas

15000

1160o

a£
P 1000

E -20

S500 .

......................i

Dy 10 20 30 40 at%SbSO 70 30 90 Sb

, -25

-20

V -t25 1-30

Fig 18- The calorimeter designed by Capeth, Ferro and Borsese Fig 20- Correspondance between the high melting points of the
for the determination of the enthalpies of formation of solid phases compounds in the (Dy, Sb) system, (after Mironov et al (40))
with strong exothermal effect. and the enthalpies of formation measured by Ferro et a] (41).
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high congruent melting temperatures. As a exemple the R 3 b

vapor constrained diagram of Dysprosium antimonides -30

is presented on figure 20, according to the work of 7 -20

Mironov, Abdusalyamova and Bumnashev (40). It will -2 P Sb~
be noticed that such diagrams can only be obtained in 6 -----

sealed crucibles, considering the high equilibrium s' _____0____-------________

pressure of antimonium. The shape of the liquidus line -2

in the Dysprosium rich part has to be reconsidered for R Sh

its thermodynamic consistency. Nevertheless the '0 -3o

general trend of the diagram is correct and V _____________________
corresponds to the enthalpies of formation measured < 2

by Ferro, Borzone and Cacciamani (41) (fig.20). The R Sb2enthalpies of formation of the rare earth antimonides2
are stimmarised on figure 21 after Ferro (42). The 3

enthalpies of formation of the equiatomic compounds.....
of the serie are about -120 kJ!mole of atoms.. L 4 C.0 Pr iad On Sma Eu G5 Tb Dy Ifa Er 7ma Yb la

Fig 21- Enthalpies of formation~ of rame-earth antimonides after
Ferro (42).



3 - 3 - 2 - The choice of the solvent

3 - 3 Indirect mixing calorimetry in a In the past, many laboratories had chosen an
solvent acid aqueous solvent which could be used in room

temperature calorimeters. Generaly speaking, in this
3 - 3 - 1 Principle of the method case, the enthalpies of mixing in the solvent are much

Many laboratories used indirect calorimetry t too high to allow an accurate measurement.
obtain the mixing enthalpy of solid solutions and Considering equation (15) the formation enthalpy of
compounds. The principle is explained in the following the compound is obtained by subtracting two terms one
scheme: to the other : if the result hm (TI) is too small by

x(A) + y (B) -4 Ax By hm(TI) comparison with the measured mixing enthalpies, the
result becomes very inaccurate. It is often the case with

dissoutiom: hl h2. h3,l acid calorimetry where the mixing enthalpies are ten
times higher tlha" the result. Many laboratories use

T2 (final mixed state in a solvent) now metallic bathes, but there exist two variants of the
method.

h m (T1) = (h!I + h? ) - hi (15)
a) The liquid metallic bath is used at quasi-

It consists to obtain the same final mixed state. infinite dilution : in this particular case, several runs
Starting from the pure components, taken in the right can be realised one after the other with the same bath,
proportions, we get (hi + h2) and starting from the depending on the volume of the crucible. This
presynthetized solid phase we measure (h3). technique is the most-common method and many

laboratories are familiar with it.
3 - 3 - 1- The superiority of this b) The final mixed state is a concentrated liquid

method is evident in the followings cases alloy with a well-know composition. In this case,

a) The compound is unstable at high temperature any individual run is realised with a mixture of the
and disappears by peritectic or peritectoid pure components and the solvent metal, or with a
decomposition, mixture of the compound and the solvent metal, which

provides, in the final state, the right composition of the
b) The time needed to achieve the synthesis of liquid phase. This technique is the original method of

the solid phase is too long (for instance, one week, one Topor and Kleppa, which has been extensively applied
month ...) and becomes incompatible with direct to measurements of the enthalpies of formation of
reaction calorimetry, refractory borides, silicides and more recently to

intermetallic compounds. The solvent metal used is
c) The quick direct synthesis reaction cannot be often germanium. Topor and Kleppa have given in a

achieved in actual calorimetric devices for various recent synthesis an extensive list of the systems that
reasons : reaction with the crucible, too high they have studied by their original technique (43)
temperature needed ... As a solvent they use a mixture made of

d) The compound is obtained in particular platinum and germanium, or of palladium and

conditions (like high pressure synthesis) which cannot germanium, or of copper and germanium, or also of
bed n realie i alorimesuric nesi) wcopper and silicium, providing in any case a relatively
be realised in calorimetric devices, tow melting point for the alloy.

Table V
Comparison between the enthalpies of formation of some equiatomic transition intermetallic compounds measured
by mixing calorimetry at 1473 by TOPOR and KLEPPA (43) or measured by direct reaction calorimetry by
GACHON (44), by SELHAOUI (24), and by JORDA et at (45).

Compound endhapy of formation at room enthapy of formation near 1500K
tempcratuz by nixing calonnmety' by dimct reaction calorinetry

kjI(rrgA) kJi(rnol)
(43)

PdTi - 103.2± 12,7 - 106.0± 6 (44)

PdZr - 122.6 ± 7,0 - 124,0 ± 10 (44)

PdHf - 134,9 ± 7.8 - 131,2 ± 5 (24)

RhZr 75,9 ± 3,5 75,8 ± 5 (45)

CoHf 94,9 ± 6,1 - 102.0 ± 3 (24)

NiHf -118,5 ± 4,9 95,8 ± 4 (24)

PtT - 159,3 ± 12.9 - 154.2 ± 6 (24)

PtZr - 191.9 ± 12,4 - 180,0 ± 20 (44)

PtHtf - 227.3 ± 13,2 - 226,0 ± 12 (24)
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Ahf (MoO.26 Gao.84, 300 K) =
3 - 3 - 4 - Some illustrations of (35645 2000) - (56170 ± 2000)=

mixing calorimetry - 20525 ± 3000J/mol

Recently, Topor and Kleppa (43) in Chicago by . ........
mixing calorimetry, and Selhaoui (24), Gachon (44) N-.

and Jorda et al (45) by direct reaction in Nancy have
studied the same systems by the different techniques. 0-.
The enthalpies of formation of many intermetallic
(A, B) transition compounds, with A taken in the 240-
(Ti, Zr, Hf) family and B in the triade group, have 2 -
been established. The published results obtained for the
equiatomic phases allow us to make some -A20..

comparisons : (table V) I !A 2.77
i) Generaly speaking the two types of results 2- .

are compatible .
ii) In many cases the estimation of .he mean e -,

deviation is bigger for the mixing calorimetry : this is ,
Aiquite understandable if we compare the effective -r

) 15 --published data to the real measured enthalpies, using I- . -4

mixing calorimetry. As an example Topor and Kieppa 11
(46) used the liquid quaternary mixture CoO.05 Hfo.05 . -
PtO.2 Geo.7 to measure the enthalpy of formation of the .
CoHf compound. In a series of 2 x 5 runs they got i 120 1110K

A hf (C oH f) = (6 17 .2 ± 2.2) - ( 7 16 .4 ± 7 .3) l ow . . . .
=99.2+ 7.6 kJ/mol 0 " "' 3 '0 No '" 7' " ,' "00

iii) Mixing calorimetry gives the enthalpy of

formation of the compound at the room Fig 22- The calculated phase diagram of the (Mo. Ga) system.

temperature state, while direct reaction calorimetry An aluminium bath is often chosen to dissolve
at high temperature state. alloys exhibiting a high oxygen affinity.The dissolution

Nevertheless indirect mixing calorimetry of the first sample is sufficient to avoid any further
remains the only method when the phase under of t e it e is It a vow act frthe
scrutiny disappears at high temperature. As an example oxygen trace in te melt. It is a well know fact for thein the molybdenum-gallium system there exist two practicians that the first experiment in mixing
line-compounds -GaMo3 which decomposes near 2100 calorimetry is generally not reliable in contrast of theline-comounds : aMo5 which decomposes ne 25 (following runs. Colinet, Pasturel, Percheron-Gudgan
K and GaMo5 which decomposes at 1115 K (figure and Achard (47) have studied th, correlation
22). We have seen before that it has been possible (25) existing between the enthalpies of formation of the
to synthetise the GaMo3 compound directly in the cell La(Ni(1-x)Cox )5 phase and the affinity ot this phase
of the calorimeter and also to obtain the precipitation for hydrogen. A pure molten aluminium bath was
of this compound in the cell, by adding pure used. Figure 23 shows the enthalpies of mixing they
molybdenum to a saturated liquid gallium- got, four time greater than the formation enthalpies of
molybdenum mixture. On the contrary the the compounds (same figure). On the other hand they
determination of the enthalpy of formation of the studied the Gibbs enthalpy of hydrogenation-
second compound required indirect mixing deshydrogenation of the compounds by measuring the
calorimetry. Belgacem-Bouzida (25) synthetised the pressure equilibrium plateau versus temperature.
MoGa5 compoud by powder metallurgy at low Figure 24 shows the results obtained. The conclusion
temperature (680'C, one month annealing). It was was that the more stable the "LaNis" type compound
possible to dissolve this compound, at 1573 K and
infinitite dilution, in a pure gallium bath to
measure indirectly :

M, N, La 1 /Cos LOI/N. 5A Lo 1/6 o5I

*--100 (a) 0 .1U

_2 "

08 0 0 2 04 06 08

Fig 21- Composition dependence of: (a) the heat of dissolution in Aluminum. at infinite dilution, and (h) the enthalpies of formation of the
la(Nil-x Cox)5 phase : after Colinet. Pasturel, Percheron-Gugan and Achard (47).
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Fig 24- Standard Gibbs energies, enthalpies and entropies of forrnation of hydrides in the La (Nil-x Cox)5 solid solution: the
more stable the solid solution, (see figure 23), the less stable the hydride. After Colinet, Pasturel, Percheron -Gu~gan and Achard (47).

4 - Measuring the Gibbs potentials

4 - 1 Vapor pressure measurements

One of the classical technique is the Knudsen
effusion-torsion method that many laboratories
have practised. Fig. 25 represents the apparatus of
Hayes and Mc Hugh (48), with which these authors
measured the manganese Gibbs potential in various
(Fe, Co, Mn) ternary solid alloys. The well known
principle is to create a mechanical couple by effusing
vapor between two holes bored in the crucible. A thin NA

tungsten torsion wire equilibrates the couple which is A

measured optically with help of a mirror. In the past
time we used the same technique in Nancy. The most o
important objection to this method is that the
instrument deviation is roughly proportional
to the activity of the volatile component in the
crucible whereas the Gibbs potential is measured S
in the logarithmic scale of this activity. As a
consequepce it is not possible to explore a wide range
of chemical potentials by such a technique. R '

Figure 26 shows the results got by Hayes and Mc
Hugh for the binary (Fe, Mn) system at 1350 K. It is
clear, on this figure, that the wide domain they
explored does not exceed two powers of ten in the
manganese activity scale. Activities at 1350 K are
represented on the figure 27 by open circles. If we _z
want to obtain the excess entropy of the y (Fe, Mn) L
alloys we can observe that 1350 K is very close to the C

- y equilibrium temperature of the pure manganese
(1360 K). For this reason the reference state for c

manganese activities does not vary sensitively when I
changing 03 to y, Mn* reference state. The ideality line
is near the diagonal drawn inside the square (fig 27). It -F
appears that the thermodynamic behavior of these
alloys seems quasi-ideal at 1350 K. That mcan:

ge = hm - Tse o

Comparing this result with the enthalpies of mixing
measured by Kubitz and Hayes (35) we deduce that the 0
excess entropy of mixing is negative with roughly the
same shape as the enthalpy curve (fig 17) in the scale

~and a maximum of about (-2,2) 1/mol K. Fig 25- The torsion-effusion apparatus of Hayes and Mc Hugh

(48).
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The isopiestic method developed by Komarek
and his group in Vienna (49) seams to me a more
efficient way to explore a wide range of chemical
potentials. It consists to impose the vapor pressure of

S the most volatile component of the system inside a
0 1,9 .o,- vessel introduced in a temperature-gradient furnace.

.. OQ o 51 The pure volatile component is placed at the lowest
-0269 .0-o8 temperature while the alloys are slowly elaborated in

.0 • o,, their equilibrium states, at various temperatures, by
35 .-o0W gas transfer of the volatile component to the different

samples. The time needed to obtain the equilibrium can
be very long, up to 3 months. At the end of each
experiment, each sample is chemically analysed by

-\ \measuring its gain of weight. As an example involving
also manganese as the volatile component we present

_4 on figures 28 and 29 results obtained by Krachler,
Ipser and Komareck (50-51) with the non-
stoichiometric [3 Pt Mn and P' Pd Mn B2 ordered
phases. It can be observed that the domain which was
explored covers a range of about six powers of ten in
the manganese activity scale, corresponding to its

._ variations, border to border, in the non-stoichiometric
\0- domain of these compounds.

A
0

AO
2 0

*Z

3 A

Fig 26- Manganese vapor presure in equilibrium with the (Fe, Mn)
solid solutions after Hayes and Mc Hugh (48). x

I I I

'0 ,

1350K •

Oal- .ok 5
*aenz 12 3K -

a

A 4-
A theor. curve (LID)

7 -7

- 013"3
4  

Q506 Q7 09

.0 01o o5 06 ai 08 09 0 45 50 55 60 at% Mn

rig 27- Manganese activity in the solid (Fe, Mn) solid solutions: Fig 28- Manganese activity in the 0 Pt Mn phase at 1273 K.
left side y phase, right side a phase. I I phase transition. Comparison with a theoretical model, (solid ne),by

After Ulayes and Mc Ifugh (49). Krachler, lpser and Komarek (51).
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.7 -i *, ')Fig 31- Distribution of Antimony on a Copper substratefor

-7 -['_ different temperatures and exposure times.The experimenttal
1 L ! : : L 1 L : , , ] profile corresponds to the theoretical Clausing's spatial distrbution

5S atMn 60law. After Ilehenkamp and ljdecke (53).

By this technique and by diffusion measurements too,l-g 2qJ- Manganese activity in the 1I'-PdMn phase at 1273 K. the group of Gibttingcn has studied the thermodynamic
Companson with a theoretical model, (solid line), bybehavor of varinus a ctcdilute solutonTh

Krachler, Ipser and Komarek (50). behavior of various c c.f.c, dilute solutions. The
solvent is either Cu, Ni or Ag and the solute elements

An original Knudsen type method was proposed are chosen with various valences (Cd or Zn = 2), (In =
by Hchenkamp in Gottingen. It consists to trap the 3), (Sn = 4), (Sb or As = 5). In any case it appears that
effused vapor on frozen targets (water cooled discs) the Raoult-Henry law is unsatisfied for very dilute
placed in front of the Knudser-LCli orifice and to solutions (typically x solute < 5 at %). The Raoult law
analyse by electron microprobe the thin films obtained, can be expressed with the Darken function al of the
Fig 30 shows the apparatus (52). The concentration solvent by
profiles measured on the discs are in very good
agreement with the theoretical Clausing's distribution It = al RT x with al = constant (16)
law versus angudar deviation in the space, as
demonstrated by Hehenkamp and Liidecke (53). Fig 31 The Lupis stability function p (54) can be
shows an experimental curve which corresponds to the defined in isothermal, isobaric conditions by
theoretical Clausing's profile.

d In a, d In a2
cc = d -lnx = d tn-x, = 1 -2 ot xix 2  (17)

If Raoult's law is correct, an attractive negative
/ ~ ,, , al interaction does correspond to a positive slope

-associated with a negative curvature for the (P (x2)
curve. On the contrary, Hehenkamp and Liidc-,, (53)

/ observe in a silver dilute alloys a positive curvature
- associated with negative axi coefficients. The results

obtained with various solutes can be pioted on a single

curve when using cle4-uonic- concentration e instead

0 of the mole raction of the solute (fig 31) The same
behaviour appears in the Ni-Sn dilute alloys (fig .m7,

"- '. up e The Gibbs-Duhem integration of equation (16) gives
To, & St, ,,,o, the excess Gibbs potential of the solute (Henry's law):

Fig 30- The effusion apparatus for vapor pressure ul'etrnns, RT + constant (19)
by Ilehenkamp (52). 2 1



with a negative xi, a positive slope and a negative
' * AS-Sn difusion ,,,, /7 curvature are expected, from equation 19, for the

o Aq-S, gasb d ,eui / J.eC2(x 2) curve. The contrary is observed in the dilute
e Ag- 1., ag, - ,d ., (Cu, Sb) solutions, (fig 34), with a prononced
0 Ag-CdH , dato gS,/ minimum at low concentration, attributed by

Hehenkamp (52) to the high difference in metallic
radius.

4 - 2 The E.M.F. method and the
necessity of the "crossed" strategies.

'The most usefull method to determine a Gibbs
potential in alloys is the E.M.F technique. The reason
why this technique is a so efficient one is linked to the
Nernst law:

E=- (20)ela n F

1 2 1 3

where Aji is the difference of the Gibbs potentialFig 32- The Lupss stability function fr siever alloys, after between the two electrodes for the species carrying the
equation 17 ,with negative a a. charge and nF the transferred charge. The measured

quantity is directly proportional to the Gibbs potential

i and activities are obtained in the logarithmic scale,
' 13o 578 which offers the possibility of a wide range

C 13325K exploration.
2~ A 1376 7,< Two types of cells, differing by electrolytes, are

1 / generally used for alloys

[F - molten salt mixtures,

11] /- solid state electrolytes.

Above 1000°C solid electrolytes are needed.
With solid electrolytes the experimental limitations
arise from two opposite constraints

0 2 4 6 8 10 i) at too low temperatures the ionic conductivity
C */.; is to small to allow any correct measurement (too high

Fig 33- The Lupis stability function in dilute (Ni, Sn) alloys, after impedance of the cell)

ltehenkamp (52).Equation 17 remains unatisfied forcurvatre. ii)- at too high temperatures the electronic
conductivity increases, especially when highly reducing

Cu - Sb equilibria are needed.
0 8871 K
0 08 K It is not the place, here, to develop into details

the E.M.F. technique. Several papers have been
presented in 1987 at the NATO-ASI
"Thermochemistry of Alloys" in Kiel. In particular we

-00o - recommend Schaller's review (55) devoted to solid-
state galvanic cells and the publication of Egan (56)
concerning the coulometric titration with a CaF2
original cell. The most used solid electrolyte is CaF2

-02 - which exhibits an important ionic transference number
from very low to very high oxygen activity.

We would like to illustrate on an example the
-03, importance of the "crossed strategies" when using

Gibbs potential measurements. Recently Du Sichen,
.... ... Seetharaman an Staffansson (57) measured in

0 1 2 3 £ 5 6 Stockholm chromium activities in three mixtures of the
Fig34-Shifted chemical excess potential of Antimony in Copper- (Cr, Q binary system

base alloys. From equation 19, with al negative, the initial
expected slope would be positive.After liehenkamp (52). a) Cr3C2/C b) Cr7 C3/Cr3 C2 c) Cr23 C6/Cr7 C3
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Three CaF2 cells were used: that can be avoided by various crossed strategies. The
Gibbs function for the three carbides are given in these

(-)Cr, CrF2, CaF21 CaF2 I CaF2, CrF2, (mixed carbides)(+) experiments by

The E.M.F delivered by the cells between 1000 ( .- cr3 c2 3-2rE(a)

and 1200 K could be fitted by the following three

equations: f( 1c,.c3)=g (gC3c2)+ i.o (b)-.,(_Cr3C2)'fT1fO 10f1

E (a)/riV = 72,9 + 0,0589 T
SI f 1 23 ) (

(b)/mV = 18,5 + 0,0677 T , TOc'2 3 c 6 )=a - , - jO TE5-O(CrC3

E (c)/mV = 38,3 - 0,01976 T The calorimetric results we got in Nancy (31) have
been "crossed" with a CALPHAD optimisation of the

Figure (35) summarises these equations, for phase diagram (26 et 31). It is also possible to "cross"
which a rough estimation of the mean deviation is the Gibbs potential measurements with the calorimetric
about ± 3 mV. measurements. Table VI shows that the "slope" method

The Stockholm group did not use the direct can induce heavy systematic errors in the results,
enthalpy measurements we have got (26,31) for his which can be avoided by the mixed strategies. On the
determinations of the hf and sf quantities of the other hand the two crossed strategies give quite
carbides. We should like to demonstrate here that the compatible results.
slope derivation method can induce systematic errors

Table VI : Two "crossed" strategies for the determination
of the enthalpies and entropies of formation of chromium carbides

E.M.F. after (57) hf (J/mol) (26, 31) sf (J/mol K)
1/5 Cr3 C2 gf (1100 K) = Calorimetry measurements (21) crossing the results

- 15945 ± 350 - 9955 ± 600 + 5,44 ± I'

Calphad strategy
without E.M.F(26) - 10100 + 6,43
Slope method alone
by E.M.F (57) - 8400 ± 450 + 6,82 ± 0,40

1/10 Cr7 C3 E.M.F after (57) Calorimetry measurements crossing the results
gf (1100 K) = (26,31)
- 16145 ± 450 - 10700 ± 1800 + 4,95 ± 2
Calphad strategy
without E.M.F (26) - 10791 - 6,48
Slope method alone -7230 ± 430 8,38 ± 0,4
by E.M.F (57)

1/29 Cr23 C6 E.M.F after (57) Calorimetry measurements crossing the results

gf (1100 k) =
14939 ± 550 - 9400 ± 1100 5,0 ± 1,5

Calphad strategy
without EMF (26) - 9250 3179
Slope method
alone by E.M.F. (57) - 7276 ± 340 4,60 ± 0.33
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/61 M. RAHMANE
Extension du programme d'optimisation des grandeurs
thermodynamniques des syst~nes binaires, NANCYUN.
Application aux alliages de Calcium (Ca, Al), (Ca, Ni),
(Ca, Pb), (Ca, Bi), de Hafnium (Hf, Co), (Hf, Ni) et aux
syst~mes (Ti, C) et (Mo. Ga).

(a) Tase delI'Uni versi6 de Nancy1, 8 juin 1990.

/7/ M. HILLERT and L. 1. STAFFANSSON
8 -(b) The regular solution model for stoichiometzic phases andionic melts

-~ Acta Chem. Scand. 24, (1970), 3618-3626.

/8/ B. SUNDMAN and J. AGREN
A regular solution model for phases with several
components and sublaitices suitable for computer

(0) application
_______________________________J. Phys. Chem, Solids 47, (1981). 297-301.

0
/9/ M. HOCHI

Application of the Illoch-Arpshofen modcl to ternary,
quaternary and larger systems
CALPIIAD 11, (1987), 219-224.

MS MO0 I'so I 00 1 iso 1200 4250 /10/ M. MARGULES
TEMP K Sitzungsber. Akad. Wiss. Wien, Mathem.L Naturwiss.

K 1, 11 a vol 104, (1895), 1243.

Fig35 Il ef-tmpratrerelationships for cells (a), (b), (c) /ll/ 0. REDLICH and A. T. KISTER

by Du Sichen, Seethararnan and Staffansson (57). Id nn hm4,(98,35

/12/ M. IMILERT
Empirical methods of predicting and representing

Conclusion thermodynamic properties of ternary solid solution phases

In this lecture we have tried to explain that the AP D4,(90112

determination of the thermodynamic quantities of /13/ C. W. BALE and A. D. PELTON
mixig i a traegi gae. his s tue or ll ystmsMathematical Representation of thtermodynamic propertiesmixig i a traegi gae. his s tue or ll ystmsin binary systems and solution of Gibbs-Duhens equationorganic and inorganic ones. But more attention have to Met. Trans. 5, (1974), 2323-2337.

be given to the "crossed' strategies like CALPHAD
method or EMF associated with calorimetric /14/ R. CASTANET

measremnts whe lokin athightemeraureCalorimetric methods in metallurgymeasremnts whe lokin athightemeraure"Thermochemistry of alloys" KLUWER PUBLISHERS
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APPLICATION OF SOLUTION MODELS
TO DIFFUSIVITY STUDIES IN MULTICOMPONENT ALLOYS

J.E. Morral and Yoon-Ho Son

Department of Metallurgy, Institute of Material Science,
University of Connecticut, U-136, Room 111,

97 North Eagleville Road, Storrs, CT 06269-3136, USA

Abtrc.-

The "diffusivity" of an n-component alloy is a property matrix, containing (n-1) 2

diffusion coefficients, that can be measured by analyzing diffusion couples. The present work
is concerned with selecting diffusion couples which will minimize errors that are associated
with a variation of the diffusivity with composition. It is proposed that couples be made from
alloys with the same determinant of the diffusivity. With this criterion, it is shown that in

"ideal solutions" variations in the free energy are not important, while in "regular solutions"
the free energy may either increase or decrease the variation depending on the regular
solution parameters.

1.- Introduction

Recent developments in diffusion theory and in When using an analysis that assumes "constant
computer modeling of diffusional reactions have made diffusivity" both the length and the orientation of the
it possible to make quantitative predictions about vector must be considered.
complex alloys. These developments have created a
need for multicomponent diffusion data. It is apparent that the length of the vector must be

as small as possible in order to reduce the range of the
Although diffusion couples can be used for diffusivity in the diffusion zone. However for ternary

measuring diffusivities in higher order alloys, the and higher order systems the vector orientation will
analyses require that the diffusivity be approximately affect the range of the diffusivities as well. In principle
constant in the diffusion zone of the couple. Therefore, there are favorable orientations that minimize errors.
both the alloys used in the couple and the change in The problem is to predict the most favorable
diffusivity with composition are important. orientations.

Each element of the diffusivity matrix is a It is well known (e.g. Kirkaldy and Young, 1987a)
function of kinetic and thermodynamic properties. that for an n-component system the diffusivity is an (n-
These can be approximated with tracer diffusivities 1)x(n-1) matrix, [D]. This complicates the problem
and thermodynamic data measured for binary alloys, because each element of the matrix is expected to vary
The present paper is concerned with using this with composition in a different way, as observed for
information to design diffusion couples which will give example by Vignes and Sabatier (1969) and by Nesbitt
the most accurate diffusivity measurements, and Heckel (1988). Therefore, it is unlikely that one

orientation for the composition vector can eliminate
variations in all elements of the diffusivity matrix.

JAIr2JDd3.- The constant I D I anoroach

When measuring diffusivities with diffusion

couples, the initial concentration differences between In order to simplify the problem, it will be
alloys in the couple are a primary experimental assumed that maintaining the determinant of [D]
variable. This variable can be expressed as a constant (IDI = constant) will limit errors due to
1composition vector" (Thompson and Morral, 1986) for variations in [D]. One reason for choosing IDI over
an n-component system as: other properties is that it is equal to the product of the

eigenvalues of [D]. The eigenvalues are functions of all
A CO  A CfA Co  ....A (1 elements of [D] and are rate constants for the process

S .... C. (1) (Gupta and Cooper, 1971). Another reason for
considering I D I is that it allows kinetic and
thermodynamic effects to be considered separately. The

in which the components of the vector are initial basis for the separation is the identity (Kirkaldy, 1958):
concentration differences between the alloys on the left
and right side of the couple:

[D]=[L][G] (3)A c? =(2-cl(2)
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in which [L] is a matrix of phenomenological Diffusion couples can be made in directions of
coefficients, associated with a laboratory frame of constant ID I except in binary systems. For example in
reference, and [G] is a matrix of second derivatives of a ternary system I D I is constant along a line in the
the molar free energy with respect to mole fractions: two dimensional composition space. From one

diffusion couple prepared along this line, all four Dij
constants can be obtained with an analysis (Thompson

G Y2G and Morral, 1986) that combines two different equations
-- = for the "square root diffusivity". One equation is aD IN (4) modified form of an equation used in the 'Krishstal,

The determinant of [D] is: Mokrov, Akimov and Zakbarov" analysis (1973).

For a quaternary system I D I is constant along a
surface in the three dimensional composition space. In

D D = [ L C. (5) this case two diffusion couples must be used, but both
composition vectoi s can be oriented in the surface of

As will be seen later, the determinants of [L] and [G] constant I D 1. Regardless of the number of components
are simplified by multiplying and dividing by the it is possible to prepare all required diffusion couples
determinant of [G] for a system with "ideal" free with composition vectors that are perpendicular to
energy: I D I. However, I D I is not known before experiments

have been performed, therefore it must be estimated
Gld (RTr'- from existing data.

flN,
(6) 3.1.- A model for I L'I

The new determinants are I L'I and I G'I as defined Several assumptions are made in order to
by: estimate ID I. First I L'I will be estimated from

measured "tracer diffusivities", Di*, by assuming that
L'I = I L I I d (7)the diagonal "intrinsic" phenomenological

L I G coefficients, LJiW, are given by (Darken, 1947):

and L1, = DN
RT (12)

1GI CI
Id  

(8) and the off-diagonal intrinsic coefficients, Lijl , are zero.

The phenomenological coefficients, Lii, are related
Equation (8) for I G'I is similar to a function which has The intri n officaentseby iy and Young,
been used to test alloy solution stability (Lupis, 1983). 198th):

Now the orientation of AC' which keeps IDI Lij = DijLfj - -

constant will be calculated. The maximum variation of n
I D I with composition occurs for the direction given by + NiNjY L k
the gradient of I DI : k=1 (13)

V I D I V I L' I V I G'I in which ij is the Kronecker delta. Combining the
D I L'- I IG' (9) equations (7), (12) and (13) yields the following

expression for I L' I:
in which the del operator is defined by:

V = ( i (0 =1 JAI (14)
i=1 I L * N. (10)

and for the gradient:

and i is a unit vector along the i-th concentration axes. 0-1 U-1
It follows that I D I is constant when the "composition Y, i(DI- D [I D;
vector" is in a direction perpendicular to I D I , i.e V IL 1 I Ij
when:

V1 D I -A CO = 0 (i) i=1 Ij (15)
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Equations (14) and (15) model both the atomic mobilities Equation (14) and (16) applied to ternaries predict that
of individual atoms and the composition dependence I D I is the plane:
introduced by the Kirkendall effect.

The free energy matrix [G] can be calculated DI ID;D; + D;N 2D; + D*1 DN 3) (19)
when appropriate data is available. Otherwise, it can be i I
modeled. One source of models are phase diagram
prediction programs which can be readily modified to
give I G'I. When necessary ideal and regular solution which is illustrated in Figure 1, also. In the ternary

models can be employed, as is done in the following, case it is possible to prepare diffusion couples along a
line of constant I D I by satisfying equation (9), which

3.2.- An ideal solution model for I D I reduces to the condition:

For ideal solutions I G'I is equal to one, as seen A CO  Dl (Dl - D;)
from equation (8), therefore:

AC02 D(D*3-D*) (20)

I Dd;iI L-I (16)
Equation (20) indicates that when one of the tracer
diffusivities is much greater or much less than the

Equations (14) and (16) applied to binaries predict that others (e.g. by an order of magnitude or more), it is best

to make diffusion couples along a line where that

Did = NID _ + DIN 2  (17) component remains constant.

3.3.- Reeular Solutions

which is illustrated in Figure 1. Equation (17) predicts In the case of regular solutions, I DI is given for
a constant value for the variation in I D I with binary solutions by the equation:
concentration.

I Dregs= (NID2 + DIN 2 )(l - 2N 1N 2 0o1 2) (21)

D2 ternary
The regular solution parameter, "jj, is defined here by
the "regular solution" heat of mixing via the equation:

A Hr'g
3 1 =Oj- NINjRT (22)

I -binary Equation 21 is the regular solution form of the well

1Di 3 known equation (Darken, 1948):

11 1 D =(ND> +DIN2 )(I+ aIn yi) (23)

1 2N2 ------- -Equation 21 is plotted in Figure 2 for the case of a
negative heat of mixing. It can be seen that the effect of

Figure 1: Plots of I D I versus concentration for "ideal" a negative heat of mixing adds to that of a slow moving
binary and ternary systems. Lines of constant I DI are species (the right side of the figure) to cause the

greatest variation in I D I, while it subtracts from that
drawn for the ternary case. of a fast moving species (the left side of the figure). A

positive heat of mixing combines in the opposite way.

In ternary regular solutions I D I is a surface,

In all relationships given here the tracer which deviates from a flat plane in a way dictated by
diffusivities are assumed constant. It is only because of the following equations:
the Kirkendall effect that there is a concentration
dependence of I L' I. If all tracer diffusivities were

equal there would be no Kirkendall effect and then I L' I
would be a constant equal to:

IL'I= (Dr" (18)
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4. Conclusions.-

Diffusion couples for measuring the diffusivities
of multicomponent systems with a "constant
diffusivity" analysis can be prepared in a systematic
way. The procedure is to estimate the determinant of

D21 the diffusivity from existing kinetic and
thermodynamic data and then to prepare diffusion
couples from alloys that have the same value of the

ID reg determinant. As a general rule this will require having
the same concentration, in all alloys, of especially fast

or slow moving atoms.

2 AcknowledgementsN2 'he authoro are grateful for financial support
from the IT SA National Science Foundation under
grant DMR-8711899.

Figure 2: Plot of I D I for a "regular" binary system that
has a negative heat of mixing. References

Darken, L.S. (1948): Trans. AIME, 174, 184.

IG'H 1 - 2 (N1 N 20)1 2 + N 2N30)23 + N3N 1o31) Gupta, P.K. and Cooper, A.R. Jr. (1971): Physica, 54,
39.

-NIN 2N3 A o (24) Krishstal, M.A.; Mokrov, A.P.;Akimov, A.V.; and
in which Zakharov, P.N (1973): Fiz. metal. metalloved. 15, 1234.

Kirkaldy, J.S. (1958): Can. J. Phys. 3, 899.

A(, ,, 2 
+ o,+3 . Kirkaldy, J.S. and Young, D.J. (1987): Diffusion in the

Condensed State (London: Institute of Metals) pp. a)154,
b)201.

- 2 ((023W31 + 0)120)23 + 0)310)23) (25) Lupis, C.H.P. (1983) Chemical Thermodynamics of
Materials (New York: Elsevier) p. 304.

A contour map of the I Dreg I surface is given for an Nesbitt, J.A. and Heckel, R.W. (1987): Metall. Trans. A

example system (Di* = D2 * = D 3 *, (13 = 0, 0o12 = - (023 = 18A, 2075.

1) in Figure 3. It can be seen that diffusion couples Thompson, M.S. and Morral, J.E. (1986): Acta metall.

prepared with composition vectors laying along the 4, 2201.

contour lines will have different orientations depending Vignes, A. and Sabatier, J.P. (1969): Trans. AIME 245,

on the average composition of the couple. 1795.

2

()12 =-23=

013 = 0

Figure 3: Contour map of I D I versus composition for a
regular terna., dystem consisting of binaries with

positive, negative and zero heats of mixing.



ANALES DE FISICA Serie B Vol. 86 1990 27

F.STABI,TSHIENG PHALSE ]JIIBRIA BY MEANS (D

TMHE TMPER URIE GRADIE24T DIFF'USICN HN)C2I QE

Walter Lengauer and Peter Ettmayer

Institute for Chemical Technology of Inorganic Materials,

Technical University of Vienna,

Getreidemarkt 9, A-1060 Vienna, Austria

Abstract

The diffusion couple technique for studying phase reactions in order to

establish phase diagrams was modified by the introduction of a temperature

gradient parallel to the developing diffusion layers. By metallographic

preparation and inspection of the diffusion layers phase reactions which

occur within relatively small temperature and composition intervals can be

observed. Results for the Ti-N system, where this technique was applied,

are presented.

i.- Introduction melting and quenching techniques, two new

high-temperature titarium nitride phases

The interdiffusion of components during heat were found (Lengauer & Ettmayer 1986a,

treatments of binary diffusion couples is Lengauer 1986b). These phases are situated

known to be well suited for studies adjacent to the c-phase both with respect to

concerning phase reactions. It has been compoiition and to temperature. Due to the

proven by several authors (e.g. Heijwegen & difficulties connected with the restricted

Rieck, 1974) that the boundary compositions homogeneity of arc-melted buttons and

of the occurring diffusion layers represent metallographic phase identification, a

equilibrium values. Due to the spatial diffusion study was performed. It showed

separation of diffusion layers of phases that the high-temperature phases indeed form

even when their compositional difference is distinctive diffusion layers characteristic

very -mall, this technique appears to have of the phase character of these high-

considerable potential for establishing temperature compounds. Frcm a series of

phase equilibria even in such binary systems diffusion couples annealed at different

where several compounds occur. This is temperatures three distinct tentative types

especially true in view of the development for a Ti-N phase diagram could be extracted

of microanalytical techniques such as EPMA. (Lengauer et al. 1989) . These are shown in

The diffusion couple technique has already Fig.l. The question concerning the relative

been described for systems with refractory composition of c-TizN and -Ti4 N3 -x (Fig.l

compounds such as TiN. Results on TiN-Ti type b or c) as well as whether these Lwo

interdiffusion have been published by phases overlap with respect to temperature

Rennhack et al. (1968), McDonald & Wallwork (type a on the one hand or type b or c on

(1970), Wood & Paasche (1974), Bars et the other) had to be left unanswered.

al. (1977), and later by Wolff et al. (1985) In order to find these answers we modified

and Etchessahar et al. (1987). The results the isothermal diffusion couple technique by

obtained by these authors were quite introducting a temperature gradient parallel

contradictory, especially with respect to to the developing layers.

the decomposition temperature of E-Ti2N (see This modification is called the temperature

Lengauer & Ettmayer 1987) . In an attempt to gradient diffusion technique.

resolve these discrepancies using arc-
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Fig. 1

Variants of a portion of the phase diagram

of the Ti-N system consistent with results

from isothermally annealed diffusion

couples.

These samples were aligned and positioned in

a Mo-foil holder as illustrated in Fig.2. A

temperature profile of the position where

2.- Experimental they were located is also shown in Fig.2. In

order to protect the samples and sample

As a first step TiN-Ti diffusion couples holder from reaction with air, the samples

were prepared by isothermal reaction of were sealed under Ar in silica tubes. The

titanium plates with nitrogen in a cold-wall tubes were placed in turn in a ceramic tube

autoclave under strict precautions to avoid within an electronically temperature

oxygen contamination. The temperature was controlled SiC-heated furnace (Fig.3). After

adjusted to a value between the upper and reaction (typically for 24 h - 5 days) the

the lower temperature limits of the tubes were quenched in water. While the

subsequent tube annealing procedure. After samples were being pulled out of the furnace

the heating period (the duration of which the ceramic tube served as a heat buffer.

was dependent on the temperature, e.g. 20 The temperature profile of the SiC furnace

days at 1423 K, (1150C)) the samples were was measured before and after the heat

cooled to room temperature within a few treatments of the samples by introducing a

minutes. The resulting samples consisted of thermocouple in a silica tube and

a gold colored 30-50pm thick 6-TiN layer positioning it in exactly the same manner as

surrounding an a-Ti(N) core. At their the samples. Typical deviations in

interface there was a diffusion layer temperature before and after annealing were

composed of c-TizN which had formed during 1-3 K, depending on the temperature

the cooling cycle below 1341 K (10680C). gradient.
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sample alignmertrepon ref. point

Fig.2 Fig.3

A temperature profile for a gradient diffu- Schematic representation of the internal

sion experiment together with a schematic parts of the SiC furnace for a gradient

representation of sample alignment, diffusion experiment.

3.- Results and discussion T/K

The microsections of the samples annealed in

the temperature gradient reflect the co-

existing phases as a function of temperature 1341
and composition. On the axis normal to the

diffusion layer the sequence of phases with

decreasing nitrogen activity from the

surface to the core of the sample can be

seen. Paarallel to the temperature axis the , n
change of phase sequence with temperature is

reflected. This is the same representation 1340
as used for phase diagrams, so that such a

sample can be translated directly into a

phase diagram.

As shown in Fig.4 the peritectoid

decomposition of the c-Ti2N phase can be

"observed" directly and the decomposition

temperature of 1341 K (10680C) immediately 1339
deter-mined, which is in excellent agreement

with recent determinations (Etchessahar et

al. 1986, Lengauer & Ettmayer 1987).

Similar results could be obtained for all Fig.4

other co-existing phases including the high- Microsection of a diffusion band reflecting

temperature phases t-Ti3N2-x and ;-Ti4N3-x. the decomposition of E-Ti2N at T = 1341 K

In the diffusion bands these phases were (10684C) as obtained by a gradient diffusion

more difficult to distinguish optically experiment.
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since their colors are less intensi,'e in uncertainty of positioning the sample in the

polarized light than those of a-Ti(N) and c furnace (t 1mm) and can be estimated as

Ti2N. However, the microsections of t5 K. Further improvement in the positioning

diffusion couples unambiguously reflect the of the samples and use of a calibrated

phase sequence in the Ti-N system both as a thermocouple could increase the accuracy.

function of temperature and composition. A It hould be noted that there are problems

representation of these phase equilibria is associated with EPMA measurements of

shown in Fig.5. It can be seen that with the titanium nitrides due to the very strong

temperature gradient technique two three- overlap of nitrogen and titanium lines

phase equilibria which occur within a (Bastin et al. 1988). A study is in progress

temperature interval of less than 2 K can be to determine the composition of the layers

observed. by means of well characterized Ti-N

The precision of the technique depends on standards. In the present study the

the temperature gradient and is composition was calibrated during probe

theoretically much better than 0.1 K. measurement against E-Ti 2 N assuming that it

However, if the temperature gradient becomes had a homogeneity range of 32 - 33 at% N.

too small the local thermodynamic Therefore the compositions of the a-Ti(N)

equilibrium is strongly influenced by grain and 6-1iN,-. phases (which both are firther

size and mechanical stress. It was cbserved away in composition from r-Ti2 N than the

near the thermal stability limit of the -- other phases) are too high and too low,

phase that the layer sometimes disappears respectively. Together with more exacc

(and hence the layer sequence changes) when quantitative EPMA measurements, which will

a grain boundary of the adjacent a-phase be published in the near future, it will be

meets the diffusion band. To avoid this possible to supply better quantitative

grain size effect the temperature gradient results with improved precision for the a-

should not be too small. In the present Ti(N) and 6-TiNi-, phase boundary.

study gradients between 8 K/cm and 50 K/cm

were applied with consistent results. The Acknowledgements

extent of the grain size influence can be The authors would like to thank the
colleagues at the Laboratoire de Metallur-
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DETERMINATION OF THE ENTHALPY OF FORMATION OF TERNARY Ni 3 AI-BASED ALLOYS
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Abstract

Ilit- ,nditlpy 1sf formiation 1-f 1111'-' triiarv adllis %%-il L1-struictiri' itaintil lv tcrtary adduitionis to Ni--\l Wais i.-t-riiiti'i bY
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nital-

F'i it ol 1vI i itf 'uIhlwllvs11N alls'NA II-' ;i11i1ii- 1ographi c-xliuaii

I . i - itt. , t i lii-itant-t-, know the ohi~li oni tinit . tliti''ivi 3. Experimental results
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uump g-\iliinit in-i. 'i aking- into aiccoittit fiii, sitc pri-- ill li~iil aliiiiini at- gil-cii ini Tall-ts 1-9 asa ftiiim of

fii,- hanig- ill i-at cotennt of t ht-satiipb-s from room in -np-ta-

2. Expeimentaltlirlc to fit ttIlperatirl. of m(ii-aiirviii,'tt. The tli-riial -f-its

pxp o, , vI ' d -- iil-I cairixii.t-r ( Sotitir u-i al. 1980i. at itiitc lilution AH' "' wisc obtained 1).N extrapolationi to
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0  
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;1, 1 1t I t Xt'xiit rI t ii' II f 1 \l I i.\ is, tl,'t ftt 1Y 31 .11 ". t'i.rxi'xa rt'sxit nixt tha t1 I' avsi Nii i-N -i a'C ItI
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described with eqil. (2) if the AH' of binary bordering phases Esin, Yu. 0., Bohrov, N. T., Petrushevskiy, MN. S. and Gel'd,

are known. P. NV. (1973): Russ. 31. Phys. Chemn. 47, 1103.

if the ternary a dditions occupy only face ceniteredl sites then Hng .TLks .L n ezw .(90 Z e
consiaering oidy nearest neighbour and concentration indepen- tallkde. 71, 398.
dent interactions the following relation is obtained (Ochiai et

al. 1984). Hultgren, R., Desai, P. D.. Hawkins, D. T., Gleiser, M., Kelly.

K. K. and Wagnan, D, D. (1973): Selected Values of the Ther-
H' = 12 XS- )\ 3/ 1

,AI + -lX.4I' l modyitanic Properties of the Elements (Ohio. ASM Metals

2) 4\ Park).

+ 3 -. 3 / I'.1 3 Hultgren, R., Desai, P. D., Hawkins, D. T.. Gleiser. M. and

Kelly, K. K. (1973): Selected Values of Thermodynamic Pro-

wit H' = A perties of Binary Alloys (Ohio. ASM Metals Park).

Kolatschek, K. (1988); Diploma Work. Uiiiversity of Stuttgart.

Kolatscliek, K. (1990): PhD Thesis. University of Stuttgart.
The experimental results for Ni 3 AI-X 3 AI can be describedl quan-

titatively with eq(n. (3) using experimental data of the base hi- Kubaschiewski, 0. (1958): Trans. Faradl. Soc. 54. 814.

nary systenms (see Fig. 4). The itrc ipamer Le e, J. .J. and Sommner, F. (1980): Z . Metallkde. 76. 750.
(NVN,Al = -13.5, VAR'o =-9-5U. VN,Co = 0.1 UJ mtol') are

obtained front AHf, - (Henig et al. 1980) and Martosudirjo, S. and Pratt . N. (1976): Thermochimica Acta

AH'1 C " (Huligren et al 1973b). The heat of formati- 17, 183.

oits obtained for Ni-Al-Cu alloys can be used to calculate with Mtiu .CJueBDs6 .adBnirE 16)
eqn. (3) the enthialpy of formation of a hypothetical C113 AI Proc. Coiif. Thermodynamics of Nuclear Materials. Vienna.
compotund with Li 2 structure. The Af-value obtained with 77

Vf-0 -. G kJ imno1 (Hnltgren et al. 1973b) amotunts to -37

kJ itol '. The Ni-Al-Cr alloys investigated have concentrati- M'vorinaga, MJ., Yukawa, N.. and Adachi. H. (1984): J1 Phys.

oits near the quasibittary cut NiA-rA.The experimental Soc. Japan 53, 653.

.,.H 1 -valutes correspond well to the values obtained from eqn. "sP n ah .(97:Bl.PaeDar .6
(3) Using V4 1I., = -3. Vv~c, = 0.3 kJ riioV (Hultgren et al. NsP n ah .(97:Bl.PaeDar .6

1973b). Ochiai, S.. Yoshihiro, 0. and Suzuki. T. (1984): Acta Metall.

The \H1 ,-values withIin a ternary phase with Li 2 structure 32, 289.

c-an therefore he calculated with a simple Bragg-Williams moo- emGanPrdlB(17)ThmoimcaAt2,

del taking inito account only nearest neighbour interactions 267. .ad rdlB 17&:TemctiiaAt 2
using interaction parameters which are fixed from AHf-values 27

of tile binary base systemts. The experimental AH' -values Oelsen WV. and Middel. WV. (1936): Mitt. Kaiser Wilhielm Inst.

can also be used to determine the parameters of the pair in- Eiscnforsch. 18. 132.

teractiotis withintile cluster variatio!, method and to calculate Oelsen WV. and Middel. WV. (1937): Mitt. Kaiser Wilhelm Inst.
the site preferenice of ternary additions. Eisenforsch. 19. 1.
Ackniowledgenment. The fintancial support of this work by the

Deutsche Forschtungsgensinischaft is gratefuhy acknowledged. Pearsoti, WV. B. (1958): A Handbook of Lattice Spacings and

Structure of Metals and Aloys (Oxford: Pergamon).
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Fig. 1. Entlialpy of formation of Ni-Al-Ga alloys at room tem-

perature ( - - - calculated from eqn. (2)).
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Table 1. Experimental values of the enthalpy of dissolution of cobalt, copper, gallium, nickel, manganese, silicon, iron and chro-

iniuni from room temperature in liquid aluminium at 1123 K (x, at.%. AH kJnol-' ).

1 c AiL iii HH( 1,, xc IHA AHN. X(-PJ I1 'A H' 11 lb, I AH*H, Jj xm jHF xs

0.16 -109.6 -1.17 0.91 0.17 33.9 0.35 -107.2 0.24 -40.9 0.22 53.3 0.45 -76.9 11 0.19 T-29.2

0.26 -109.9 2.32 0.71 0.45 31.1 0.71 -108.9 0.47 -41.1 0.42 53.4 0.75 -9.5 0.46 -25.0
0.29 -111.4 3.48 0.65 0.80 31.4 1.10 -111.0 0.69 -37.8 0.63 56.1 '.04 -83.0 1.00 -27.7

0.46 -109.7 4.62 0.53 1.05 31.2 1.54 -111.4 0.90 -39.1 0.86 55.9 1.31 -78.7 1.64 -28.1

0.51 -110.4 5.72 0.22 1.43 31.7 1.97 -110.6 1.13 -40.8 1.05 56.3 1.62 -79.0
0.52 -110.4 6.80 0.09 1.82 33.0 2.39 -110.9 1.32 -39.7 1.20 57.3 1.92 -84.0

0.69 -110.9 7.89 0.08 2.19 31.6 2.80 -112.0 1.60 -39.6 1.36 56.5
0.79 -111.4 9.01 -0.04 2.44 31.5 3.15 -112.6 1.90 -41.1
0.80 -104.2 10.1 -0.20 2.58 33.3
0.96 -108.6 11.0 -0.10 2.87 30.3
1.02 -106.6 12.0 -0.22 3.16 31.5
1.08 -103.6 13.0 -0.31 3.50 30.9

1.27 -103.2 13.8 -0.45 3.81 30.3
1.29 -103.9 14.8 -0.57 4.07 31.8
1.46 -107.0 15.0 -0.51
1.50 ± -103.5 l _10. 0 79.

Ft . A ., ALo o E. E.o 'EQ --i E, .o
,'= AH./c,,= " H->j = HN, = AH = H.., = AH : = L\Hc =

-108.() ±1.8 ).86 ±0.13 31.7 ±0.6 -110.4 ±1.3 -40.0 -0.6 5K.6 ±1.2 -79.4 ±1.6 -27.5 ±1.3

Table 2. Experimental values of the enthalpy of dissolution of NirsA125, Mn 25Nim5 and NimsGa 2s from room temperature in liquid

aluminium at 1123 K (x, at.7, AH k.Jmol').

.V [A.,, 12 1~l .'Ns A HM,,2 N-71 X~iG{ AH,1 5 0 2 5

0.11 -33.5 0.38 -83.5 0.29 -39.6
0.24 -33.5 0.75 -84.5 0.61 -39.9
0.40 -34.6 1.08 -84.3 0.93 -40.7

0.48 -30.9 1.42 -86.0 1.26 -40.2

0.60 -34.6 1.76 -85.0 1.60 -40.4
0.74 -30.7 2.03 -84.7 1.94 -41.6
0.84 -34.2 2.41 -86.3 2.28 -38.9
1.02 -30.8 2.82 -84.2 2.63 -38.8

1.12 -34.2 2.98 -40.8

1.29 -31.4 3,36 -39.9

1.57 -31.4
1.88 -34.0

2.19 -32.5
2.52 -32.4
2.88 -32.8

A H s
"

l
,°  

A H -
:.°  

AHO, -
-33.4 ±0.4 -84.8 ±0.8 -40.1 ±0.5
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Table 3. Experimental values of the enthalpy of dissolution of Co 4Ni 7 1A125, Co7 Nie8A12 5, ColNi6A 2s and Co 15NiCOA12 5 from room

temperature in liquid aluminium at 1123 K (x, at.%, AH kJmol-t').

HE  E H
1

Co.NsI j oN, l 1
1

oN oNeA,~l tH I AE~p AH~NA It ,N ARCO 5NsiAI2

0.23 -32.1 0.26 -31.9 0.17 -33.0 0.32 -32.4
0.40 -34.6 0.69 -33.4 0.39 -33.7 0.65 -39.3
0.60 -32.2 1.20 -32.4 0.57 -35.3 1.01 -38.4
0.85 -33.6 1.36 -33.5 0.77 -37.8 1.36 -37.8
1.09 -34.3 1.71 -33.4 0.96 -32.4 1.72 -37.3
1.27 -34.1 2.05 -34.1 1.14 -31.8 2.08 -41.4
1.55 -33.4 2.41 -35.2 1.31 -33.6 2.43 -38.2
1.77 -35.0 2.78 -34.0 1.66 -39.3 2.88 -37.4

3.16 -34.0 1.79 -32.0
EH'(I Al AHEOiSI -0 AII, A A O 2.

Co~oN)N68M23 1  ~Co1N' 4 A AII i, 0 Al2
-33.7 ±0.7 -33.5 ±0.5 -34.3 ±1.3 -37.8 ±1.7

Table 4. Experimental values of the enthalpy of dissolution of Ni 75 Al 2oSil, Ni7sAlsSio and Ni75AljoSii5 from room temperature

in liquid aluminium at 1123 K (x, at.%, AH kmol-').

J~Si All 7i&.L2OS4 ~iSi.A AHNE7 3AIISqo XNSi Ai7,AI 0 Si &

0.24 -29.4 0.37 -26.0 0.28 -25.7
0.47 -27.6 0.74 -24.7 0.63 -26.0
0.75 -30.4 1.05 -26.1 0.98 -27.0
1.04 -29.9 1.39 -25.8 1.34 -26.9
1.32 -28.2 1.79 -27.6 1.71 -26.3

1.58 -30.1 2.16 -26.1 2.11 -26.3
1.88 -32.0 2.50 -26.9 2.52 -26.3
2.18 -31.9 2.82 -26.1 2.88 -25.6

2.47 -31.3
2.65 -29.4
2.97 -29.6

E~o HEO - AH,o
AHNiOSAIo2 Si AHNIAlSSito N-'sAljoSijs

-30.0 ±0.6 -26.2 ±0.4 -26.3 ±0.4

Table 5. Experimental values of the enthalpy of dissolution of NiegCueA 25, Ni6Cu9 A12 5 and Ni3Cul2 Al 2s from room temperature

in liquid aluminium at 1123 K (x, at.%, AH kJmoi-').

X~,C AH~i~eCGA1za j XNi,CuJ AHN..c 9A 26 j Xp,',Cu AHN~seCU12 Al2

0.24 -28.1 0.30 -23.7 0.29 -17.6
0.50 -27.1 0.62 -23.5 0.59 -20.8
0.77 -26.0 0.98 -22.4 0.89 -19.3

1.03 -25.4 1.36 -22.8 1.24 -20.5
1.35 -25.2 1.73 -23.4 1.39 -20.5
1.68 -27.0 2.11 -23.8 1.96 -19.8
2.03 -26.2 2.49 -24.9 2.33 -19.8
2.66 -26.6 2.88 -24.6 2.70 -19.7
3.02 -27.0 3.27 -25.0 3.08 -20.7

3.47 -22.2
AE - AHEO - AHE. -

2Ni9CuA12 S NiGSCu9AI2 fi NIcuj2AI2S
-26.5 ±0.4 -23.8 ±0.4 -20.1 ±0.5
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Table 6. Experimental values of the enthalpy of dissolution of Mn 6 Ni75 AI20 , MnioNisAlj,, Mn1 sNi~sAlo and Mn2 oNi75 Al5 from

room temperature in liquid aluminium at 1123 K (xi at.%, AH kJmol-').

, AMNiT5A120  XMnN, AMn 1 oNtjsAIjb nMnNi AHi nt&N7 6 ALo j Mn,N, AHMn2oNI,,AI

0.32 -41.2 0.38 -50.8 0.33 -57.8 0.34 -66.1

0.65 -41.0 0.75 -50.8 0.70 -60.4 0.70 -68.1

0.98 -41.7 1.14 -51.3 1.09 -61.7 1.06 -68.7

1.48 -41.5 1.53 -50.1 1.49 -62.4 1.46 -70.0

1.81 -41.0 1.94 -52.0 1.88 -60.2 1.85 -70.0

2.14 -40.7 2.35 -51.5 2.27 -58.9 2.28 -72.2

2.52 -42.0 2.76 -51.8 2.67 -62.4 2.78 -67.8
2.91 -42.3 3.17 -53.0 3.07 -61.7

3.59 -53.5 3.50 -61.0

4.02 -53.1 4.00 -58.9

E,o HEO E,
o

A n N37sAI2o AelMnjoN.5AIIS AHMntsNti&Alio - Mn 2oNinAs

-41.4 ±0.5 -51.8 ±0.6 -60.5 ±1.0 -69.0 ±1.0

Table 7. Experimental values of the enthalpy of dissolution of Ni7mAl 2OGa 5 , Ni7mAljsGaio, NimsAlloGais and Ni 7 5Al 5Ga 2o from

room temperature in liquid aluminium at 1123 K (xi at.%, AH kJmol-1).

X.,a 0 LNHN,,AI,,G. X~J Ns,Ga AH.TAIGO Ej
1

,G H.SIOO~ NaLSP.OLGZI N~sAjbGio ~iO A N17sAlloGalb XNi,
G a 

[AHEivsAI3Ga2O

0.26 -34.8 0.23 -37.2 0.24 -38.8 0.31 -39.2

0.49 -33.4 0.46 -35.0 0.51 -36.0 0.63 -37.8

0.70 -34.1 0.76 -37.7 0.78 -35.4 0.96 -38.0

0.91 -33.9 1.06 -34.8 1.06 -36.8 1.38 -36.4

1.21 -33.3 1.36 -34.9 1.38 -37.4 1.67 -38.0

1.51 -35.3 1.69 -33.5 1.72 -36.8 2.03 -37.1

1.82 -33.6 2.03 -37.8 2.39 -38.1

2.12 -32.8 2.38 -37.0 2.76 -38.1

2.44 -34.8 2.72 -37.3 3.15 -37.5

2.83 -33.3 3.13 -38.3 3.41 -38.0
AHe

o  
EO
,  = ALHE

,  AHTE
°

HNAIGa = HNOIV8 -sA'tNGajo 5AloGajo = AHN7OAlsGa2o

-33.9 ±0.4 -35.5 0.8 -37.2 ±0.5 -37.8 ±0.4

Table 8. Experimental values of the enthalpy of dissolution of Ni7 4AI23Fe3 , Ni7 3A122Fes, Ni 7lA122Fe7 and Ni72 A 18 Fel0 from room

temperature in liquid aluminium at 1123 K (x, at.%, AH kJmol-1 ).

II, A $NA2F3XF AH E.73I

rNF2 HAI 23 Fe ZNFe ANA 22 F ZNi,Fe AH 7 A 22 F XNFe H HNE72AF

0.31 -35.3 0.35 -38.1 0.2 -36.9 0.9 -42.9

0.65 -37.1 0.68 -39.2 0.41 -37.2 1.2 -43.7
1.1 -37.5 1.0 -38.3 0.82 -35.4 1.6 -44.6

1.9 -37.3 1.6 -38.6 1.61 -37.5 1.7 -42.2

2.2 -37.3 1.95 -40.2 1.82 -37.9
2.1 -38.0

AHE. AHE,o AHIEROAH

N974 A123 Fe': NS3AlFcs A N. 71AI22FeT NI72 A4t@Feio

-37.0 ±2.3 -38.9 ±1.5 -37.4 +0.6 -43.3 ±0.6
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Table 9. Experimental ralues of the enthalpy of dissolution of Ni 72 Al 23Crs, Ni 7 oAl22 Cr8 and Ni 67 A12 1Cr1 2 from room temperature

in liquid aluminium at 1123 K (x, at.%, AH kJnol-').

E~.,A 3213r ~,rAN7A2C&XzC AHNs, tA12tCrt

0.3 -36.8 0.29 -35.1 0.27 -34.1
0.7 -34.8 0.96 -36.7 0.51 -34.8

0.98 -37.3 1.24 -36.9 0.85 -34.9
1.28 -36.3 1.58 -37.7 1.09 -33.6
1.66 -35.2 1.36 -36.7
1.96 -36.9 1.67 -35.7

Eo AHE.OA EO
-A H N12A123Cr : Ni7oAI Cr : AH N.67A12ICrt 2

-36.1 ±0.9 -36.6 ±0.7 -35.0 ±0.4

Table 10. The enthalpy of formation of intermetallic phases at room temperature (AH 1 , kJmo1 -).

Ni 7,Al. 25  -40.6±1.0 Ni7,Al20 Si, -42.5±1.1 MnNi7,A12o -35.9±1.1 Ni 74 A123 Fe3  -39.1±1.9

Ni7,A1 25  -37.6 [1 Ni 7sAl,,Sijo -45.3±1.0 MnioNimsAls -29.3±1.1 Ni 7 A122 Fel -38.0±1.7
Ni75 A12S -40.2 [2] Ni 75AljoSi1s -44.2±1.1 Mnj5Ni 75Al -24.3±1.4 Ni 71 A122Fe 7  -38.8±1.4
Ni75 A125  -37.6±5 [31 Mn 2oNi-mAls -19.5±1.4 Ni 72 AIjlFe,, -37.8±1.4

Ni69 CucA125  -40.9±1.0

MnsNi 2 5 -7.5±1.3 Ni66Cu9 A125  -40.3±0.9 Ni76A12oGas -40.4±1.2 Co4Ni 7jA12s -40.4±1.1
Ni63 Cu1 2 A125  -40.7±0.9 Ni7sAl1sGajo -38.9±1.3 Co-NiMAl2, -40.4±1.0

NisGa2 5  -34.8±1.0 Ni7,AloGai5 -37.4±1.2 Coj1 Ni64Al2s -39.5±1.6
Ni 7sGa 25  -26.6±0.7 [4] Ni 72 A123 Cr 5  -36.7±1.4 Ni 75 A15 Ga2 o -36.9±1.2 Co15 Ni6oA125 -36.0±1.9
Nij.sGa 25  -27.4 [5] Ni7oAl22Crs -35.2±1.4

Ni6 TA121 Cr, 2  -34.9±1.3

1. (Kubaschewski 1958). 2. (Oelsen 1937), 3. (Hultgren et al. 1973b), 4. (Martosudirjo et al. 1976), 5. (Predel et al. 1975).

Table 11. The partial enthalpies of mixing at infinite dilution of cobalt, manganese, gallium, chromium, iron, nickel, copper and

silicon in liquid aluminium at different temperatures (AH- kJmol- ').

ARc, AHM,,

-140.6 ±1.5 (1100 K) [1] -83.8 ±0.6 (1123 K) [2] -3.5 (1023 K) [4] -71.8 ±1.3 (1123 K) [2]

-150.8 ±1.8 (1123 K) [21 -64.6 (1626 K) [31 -4.0 ±0.6 (1123 K) [2l

AH, AHN, H

-128.5 (971 K) [5] -151.1 (1023 K) [6] -34.2 (1023 K) [6] -11.5 (962 K) [5]
-119 (1023 K) [61 -149.4 ±1.3 (1123 K) [2] -34.2 ±0.1 (1123 K) [2] -16.6 ±1.2 (1123 K) [2]
-120.3 ±1.6 (1123 K) [2] -149.1 ±1.9 (1158 K) [7] -33.9 ±0.3 (1191 K) [7] -8.7 (1760 K) [111]
-110.8 ±3.0 (1212 K) [7] -136.4 (1923 K) [9] -38 ±3 (1473 K) [10]
-95.2 (1873 K) ]8]

1. (Henig et al. 1980), 2. (this work), 3. (Esin et al. 1973), 4. (Hultgren et al. 1973b), 5. (Mathieu et al. 1967), 6. (Dann6hl 1971). 7.

(Lee et al. 1985), 8. (Petrushevskiy e -4. 1972) 9. (Sandakov et al. 1971a), 10. (Sandakov et al. 1971b), 11. (Batalin et al. 1981).
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SOLID-STATE THERMODYNAMICS: KNUDSEN CELL MASS

SPECTROMETRY AND HIGH-TEMPERATURE X-RAY DIFFRACTION
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Abstract, -

Application of the Knudsen effusion technique to the
determination of vaporization thermodynamics using simultaneous
mass-loss and mass spectrometric methods of vapor pressure
determination is described. The results obtained for the
aluminides of the early transition metals (Zr, Nb, Mo and Ta)
are reviewed.

1.- Knudsen effusion Knudsen crucible that is suspended from one arm of
a microbalance (Fig. 1). Since we use a computer

The Knudsen effusion method is used to to assist in the collection of data we call the
determine partial vapor pressures by the technique the Computer Assisted Simultaneous Mass-
measurement of rates at which vapor species pass Loss and Mass-Spectrometric technique, or CASMLMS
through an orifice in an isothermal enclosure for short. This technique has strengths and
containing a vaporizing condensed sample. A number weaknesses that will be discussed below with
of conditions must be met if such measurements are respect to conditions 1-5.
to accurately yield partial pressures, the most
important of which are: 1) the sample and The mass spectrometer provides for the
container must not interact significantly with the identification of the vapor species by ionization
environment or with each other, 2) the transport by electron impact followed by mass analysis by
rate must be accurately known as a function of quadrapole mass spectrometry and detection of the
pressure, temperature and molecular mass (here, as ion current, I+, using a multiplier. The effusing
is generally true for Knudsen effusion, this means molecules pass through the ionizing region of the
pressures sufficiently low that the equations of mass spectrometer at an average speed, Si,
kinetic theory are valid), 3) the rate of vapor determined by the crucible temperature, T
flow through the orifice must be sufficiently low
relative to the rate of collision of vapor with the _3kT

condensed phase that the solid and its surface are Sim i
essentially equilibrated with the vapor, 4) the
quantity of material that creeps or diffuses and the number passing through the region per unit
through the orifice must be negligible and 5) the time is proportional to the effusion rate, R, (is
crucible interior must have an essentially uniform equal to R, times a geometric factor equal to the
temperature. When these conditions are met, and fraction of all effusing molecules that arrive in
when the orifice channel results in negligible back the ionizing region). Thus, since the ion current
reflection of the vapor (when the Clausing factor is proportional to Ri and inversely proportional to
is unity), the number of molecules of the i'th S,, the ion current is given by
species leaving the crucible in unit time is

I+ - a&P,/T
dn* Pta
dt l2wmjkT where ao depends upon species dependent quantities

such as the ionization cross section, the mass
analyzer transmission, the multiplier efficiency

where P, is the equilibrium partial pressure of the and the isotopic abundances, as well as the
i'th species, a is the orifice area, M, is the electron beam current and the geometric factors
molecular mass, k is Boltzmann's constant, and T is mentioned above.
the temperature of the crucible Interior.

The. CASMLMS technique thus provides the
2. - Mass soectrometrv capability of two simultaneous measurements related

to the partial pressures and, when there Is a
Our experimental technique is to use a mass single vapor species, as in the studies discussed

spectrometer to examine the vapor arising from a here, to the total pressure. The mass-loss
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mcasurement allows a calculation of the total rate at which oxygen enters the crucible is the
pressure in the case of a single species, but rate at which H20(g) enters the cell (the residual

requires measurement times between tens and gas at 10-7 torr, our working vacuum, is principally
hundreds of minutes. The mass-spectrometric H20(g)). The rate at which oxygen leaves the cell

measurement provides a quantity (1*T) proportional is at least equal to the rate at which A10(g)

to pressure out with a measurement time on the lz.aos the :rucioie. The totai oxygen within the
order of seconds, or less. Thus, one advantage of cell will thus be less than the amount given by

the CASMLMS technique is that simultaneous
measurement of mass loss and ion current over 1/2 enter depart

to 10 hr intervals provides calibration of the mass "2 RA 2
spectrometer which can in turn be used to make many
pressure determinations over much shorter time or
periods through the measurement of I+T alone. The
sensitivity of the mass spectrometer also permits PH20  A

the determination of the variation of ion current Jl8Tres J70 T
over relatively short time intervals, an important
capability for considering condition 3, as will be
discussed below. Assuming chemical equilibrium within the crucible,

Another benefit of simultaneous measurement
is that the proportionality between I T and T'Am/At K(T) - AI
can be checked at various times during data p1/ 2 p 2

collection, and changes in instrument sensitivity 2

or in vaporization processes that might otherwise where K(T) can be found, for example, in the JANAF
go undetected can be noted and the resulting errors tables (Chase, et al. 1985). Combining
can be avoided.

3. - Experimental methods 1/2 1 J70T

Po2  = 2 PH2O"

3.- Sample-container interactions 
PAI K(T) JI8Tres

Sample-container interactions may result in For a typical set of conditions, T - 1700 K, Tres

the chemical alteration of the condensed sample and a 1700 K (because of radiation shields), K(T) = 2
of the vapor. An example of an interaction of the x 1015; PAI - 10-7 atm and pres _ 1010 atm, the
first kind is solid-solution formation. For steady-state value of P02 is calculated to be
example, a transition-metal aluminide, TA., in a less than about 10-22 atm.
crucible could interact to yield transition-metal
in solid solution in the crucible material. In Thus, the stability of A120(g) under the
such a case the stoichiometry, and therefore the conditions of a typical aluminide vaporization
thermodynamics, of the vaporization process would assures a condition within the cell that is far
be uncertain. Since high-temperature data more reducing than the residual atmosphere that
concerning solid-solution formation from aluminides can be achieved by pumping, and is therefore
are generally not available prior to a vaporization sufficiently reducing to make oxidation of the
study, an important initial step In such a study is condensed sample a negligible effect. The
the investigation of such processes and the selec- A120(g) pressure calculated for the conditions
tion of an appropriate crucible material. In the given above is 2 x 10-10 atm, a value which is
work discussed here it was determined by the fact several orders of magnitude below PAl and thus

of no observable mass gain of the crucible that does not interfere with measurement of PAI by
there is no detectable solid solution formed when mass-loss.
the aluminides of Zr,Nb,Mo and Ta vaporize from a
tungsten Knudsen crucible. 3.3. - Rate considerations

3.2. - Samole-vaoor interactions The condition for molecular flow is

readily considered. As a simple rule, the
Interaction with the gas phase, given the boundary for the onset of the molecular flow

highly reactive nature of the early transition regime is taken to be given by a mean-free path
metals towards oxygen, requires the careful that is substantially larger (say 10x) than the
consideration of the oxygen partial pressure in the orifice diameter and data collection is
interior of the crucible. The rates at which vapor restricted to this regime. The third condition,

species enter and leave the Knudsen crucible are i.e., the establishment of solid-vapor equi-
given by the Knudsen equation (given above). The librium, is frequently tested by examining the
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effect of orifice area upon vaporization rate. orifice area. Thus, as the vapor species Is

If the ratio of vaporization rate to orifice area shut-off from the ionizing region there results

is independent of orifice area it can be assumed an s-type curve (Fig. 2) of I* vs shutter

with confidence that the sampled vapor is position, and the width of "half maximum" of the

essentially at equilibrium with the condensed s-curve is a measure of the orifice projected

phase. However, if the vaporization reaction Is along the lines of flight of the molecules. The

incongruent, and therefore involves changing occurrence of creep or diffusion along the

chemical composition of condensed material, then surface of the orifice channel and out onto the

R/a generally does depend significantly upon a. crucible surface results in a diffuse enlargement

In this case, if the deviation from equilibrium of the effective orifice area and can be detected
is not too large, then R/a can be pldtted vs. a by determination of a shutter profile.
and extrapolated to a - 0. However, in practice
such measurements are time consuming and the 3.5. - Temoerature measurement and uniformity

availability of orifice areas is limited, and

therefore some uncertainty is attached to The fifth condition, of isothermal
thermodynamic data obtained in this way. conditions within the crucible is extremely

critical. A necessary but insufficient condition

On the other hand, the data obtained from for an isothermal crucible is that vaporizing

such :tudies, and information about the chemical sample not be transported to regions of the

behavior of systems at temperature, are crucible other than the region of the source
frequently of sufficient value that the studies sample. One of the experimental factors of
are carried out in spite of this limitation. The importance in vaporization studies is that they
investigations of transition-metal aluminides (T are typically at high temperatures (>1500"K) and

- Zr, Nb, Mo, Ta) to be discussed below fall into at these temperatures radiative heat transfer is
this category. In these studies the following important (radiative heat transfer increases as
technique was devised to check for a significant the fourth power of T). Thus, our experimental
kinetic barrier. After a measurement of pressure design includes radiation shields that are
at a given temperature the sample temperature was designed to produce, in so far as is possible, an

dropped to a temperature below which measurable isothermal enclosure in which the crucible is

vaporization occurred (Plc < 10-10 atm) but above suspended. The temperature is measured using a
which solid-state diffusion is believed to be W-Re alloy thermocouple inside a Ta shield with
fairly rapid (T > 0.5 Tlt), and the sample was BeO insulators, and the tip of this thermocouple
annealed for ten hours or more. The sample was is located within ca. 1 mm of the Knudsen
then rapidly (< 1 minute) heated back to the crucible. Prior to a vaporization study the
original temperature and the ion current was thermocouple is calibrated by intercomparison
rapidly measured. If the ion-current returned to with a Pt-Rh alloy thermocouple that is placed
within ±10% of the previously measured value the inside the crucible.
measurement was accepted. If the ion-current
returned to a higher value and then decayed with The effectiveness of this calibration, and

time at constant temperature it was inferred that of the radiation shielding is difficult to
diffusion limited vaporization was occurring and estimate. The criterion used in this work to

the measurement was rejected. Since the enthalpy determine whether there are or are not serious
of vaporization is greater (roughly about two temperature measurement errors is a standard in
times) than the energy of activation for high-temperature vaporization studies, namely the
diffusion, it is expected that the rate of comparison of enthalpy changes determined by
vaporization will increase with temperature more second- and third-law calculation.

rapidly than the rate of diffusion. Thus, in the
work summarized here, it was anticipated, and 4. - Data reduction

indeed observed, that there would be, for a given
system and a given orifice, a temperature above Using the free energy function (G;-H;,)/T
which measurements of thermodynamic partial - fef and considering a reaction such as
pressures were not possible by virtue of
diffusion limited rates, and only data collected TAl1 (s) - TAl,(s) + (y-x)Al(g)
at temperatures below the diffusion limited cut-
off were accepted. for which AG; - RT In PAl, it follows that

3.4. - Surface diffusion and creep Afef 2 R In pY" -

The mass-spectrometer, because of the or

existence of a movable shutter, is capable of Afef + R In PY" - -AH;96/T.
providing a crude measurement of the effective Al
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This equation can be used in two independent ways. shows a second-law plot of In PAI vs T-1 for the
The first is to plot the left-hand side vs T-1 and No3AI8-Mo3AI vaporization and Fig. 5 shows a plot

determine the slope. One AH2 value results from a indicating the proportionality between the
least slope determinLtion for a given data set. pressures derived from mass-loss and mass-
This slope is a best-fit measure of AH2 if the spectrometrically obtained data. Table 1 lists the

J;r1c.ei,,e hieween 6ie fei values: enthalpies of formation of the Mo-rich
intermetallics as determined in this work. Fig. 6

•- H"8  shows the phase diagram reported for the Mo-Al
fef -

T  S, system together with some points determined fromT
the breaks in our isotherms. Note that our phase
boundaries were determined at temperature, and that

1 T T MoAl, for which data were obtained, is unstable
- - f Cp" dT - f Cp°/T dT -S; with respect to disproporttonation below 1740"K.
T 298 0 These results illustrate the power of the effusion

method to determine chemical -nformation at

temperature and in a highly reducing environment.are known with sufficient accuracy over the

temperature interval of the measurements. This 6. - Summary of enthaloies of vaoorization
result depends only on the 0t , I t and 2nd laws of for transition-metal aluminides
themodynamics, i.e., only entropy differences, and
not absolute enLropies enter into the calculation. The second column of Table 2 listi the

The second way to obtain AH;98 values fr... tne enthalpies of atomization per gram atom, i.e., AH 98

equation under discussion is to use values for for the reaction
Afef, which typically depend upon the validity of
the third law (lim AS* - 0), PAI and T and I I x

T-0 -T1()--Tg lg
calculate a different AH;9 8 value for each measured +x T+x g +x
T, PA1 pair.

It should be remarked that Cp data for all where T is Zr (Kematick and Franzen 1984), Nb
reactants and products between 0 K and T > 1500'K (Shilo et al. 1982), Mo (Shilo and Franzen 1982)

are seldom available and therefore estimations are or Ta (Schmidt and Franzen 1986) and the x values
usually required in order to do the calculations. are those for which we were able to make an
However, heat capacity data are frequently well enthalpy determination. The AHlap.2 98 values for the

known for vapor species from spectroscopic transition metals were obtained from the Atomic
measurements, and the estimation of heat capacities Energy Review (for Zr, No. 6 (Alcock, et al.

of solids is a thoroughly considered problem and 1976), for Nb, No. 2 (Lavrentev and Gerassimov
fairly good estimates of the uncertainties involved 1968), for Mo, No. 7 (Brewer and Lamoreaux 1980))
are available. and for Ta the JANAF tables (Chase 1985), and that

for Al was taken from (Hultgren, et al. 1973). It

The two methods of data reduction, called the is found that in each system these cohesive or bond

second-law and third-law methods, provide two energies can be fit to a two parameter equation
methods for checking for significant temperature

measurement errors. First, the AH98 values AH,*. (T,,Al) m )A
obtained by the third-law method are checked for (m + n) m+n m+n
systematic variation over the temperature ranges.
The AH;98 values should all be the same within
acceptable uncertainty, and variation outside of where the A and B values determined by least

magnitudes that could result from inaccurate squares are given in Table 3. The values given in

estimates in fef's is indicative of temperature column 3 of Table 2 are those calculated using the
measurement or gradient error. The second check is values of Table 3. Column 4 of Table 2 lists the

accomplished by comparing the average third-law difference between the calculated and observed

value with the single second-law value for AH;9,. A quantities.

significant disparity between these values is
indicative of temperature measurement errors. The fit between calculated and observed

values of enthalpies of vaporization or cohesive

5. - Results for Mo-Al energies shown by the data of Table 2 suggests the

following interpretation: When an intermetallic

One of our early studies was of the No-Al compound forms it does so in such a way as to

system (Shilo and Franzen 1982) and the quality of realize a maximum bond energy. For examule, in the

the results is typical of our studies by CASMLMS. case of the aluminides of zirconium (Kematick and

Fig. 3 shows aluminum pressure isotherms, Fig. 4 Franzen 1984), Zr brings to the intermetallic



43

compounds the capacity to form bonds yielding 154.3 A phase diagram that summarizes these
kcal per g atom and Al brings the capacity to yield findings is shown in Fig. 9. The congruently
88.5 kcal. The observed stoichiometries and vaporizing phase is Luo sS with the defect NaCl-
structures are those that provide the framework type (random vacancies) structure. When cooled to
within which the elements can realize this bonding a sufficiently low temperature the Sc2S3-type phase
;ot:ntia! tc w4thin about ±_ 'cal per g atom. If precipitates out of the random solid solution (this
this potential is not realized in a hypothetical is a first-order, order-disorder process). This
compound, then that compound will be unstable with behavior was difficult to discern in part because
respect to disproportionation, and will not be the strong reflections from both the NaCl-type and
observed. This interpretation is supported not the Sc2S3-type phases overlap and are separated only
only by the data of Table 2 and similar data for by maximum resolution (Gulnier) and then only for
other systems (Schmidt 1986), but also by the well some S/Lu ratios. The HTXRD experiment showed that
known fact that enthalpy changes accompanying Lu2, S3 with the Sc2S3-type structure transforms to
solid-state phase transitions are very much :maller NaCl-type at high-temperature, and thus that a
than the vaporization enthalpies of the compounds, supposed congruently vaporizing Lu3S4 does not
i.e., changes in structure occur between phases for intervene between the NaCl-type and the Sc2S3-type
which bond energies are very nearly the same. phase. The phase to which the Lu3S4 structure

corresponds remains to be explained. It seems
7. - High-temperature X-ray diffraction (HTXRD) likely, perhaps even necessary, that this structure

does not correspond to an equilibrium phase. There
In the last several years we have been using were many twinned crystals found in the search for

a high-temperature X-ray diffractometer capable of a single crystal of Lu3S4, and the final structure
providing X-ray diffraction patterns for samples at (Hariharan et al. 1981) obtained for Lu3S4 is a
temperature: _p to 2000"C to examine heterogeneous highly unusual partially ordered structure. It is
behavior in far greaLer detail than has been therefore, probable that the structure was
possible using th Knudsen technique alone. For determined from a crystal, perhaps one of many
example, Fig. 7 shows the diffractometer patterns different such crystals, within which the ordering
for Ta-Ru samples at room temperature, 1000 K, 1173 from NaCl-typa to Sc2S3-type was incomplete when the
K and 1433 K showing the consecutive cubic -> sample was quenched to room temperature.
tetragonal and tetragonal -- > orthorhombic
transitions. Fig. 8 shows the phase diagram 9. - Conclusions
inferred from the diffraction study.

The CASMLMS technique for the study of high-
8. - The Lu-S system temperature chemical behavior and the determination

of enthalpy changes for reactions at high
An interesting example of the complementary temperatures was described. The conditions that

uses of Knudsen effusion and HTXRD was provided by must be met in order that a Knudsen effusion study
an investigation of the Lu-S system. Some years can produce meaningful thermodynamic results, and
ago (Franzen and Hariharan 1979) we found that the methodology for considering these conditions in
Luo 75S vaporizes congruently and reported the case of the CASMLMS technique were reviewed.
(Hariharan et al. 1981) an unusual partially It was shown that the transition-metal aluminides
ordered superstructure of NaCl-type for Lu3S4. Now, provide nearly ideal examples for study by this
by virtue of HTXRD studies, we have a somewhat technique. The results of four such studies were
different view of the system. The key experiment used to demonstrate a "chemical-bonding" inter-
was the formation of a sample by the decomporition pretation for the formation of intermetallic
of Lu2S3 with the a-A1203-type structure by compounds. The HTXRD technique, especially in
vaporization from a W Knudsen cell, and further combination with Knudsen effusion, was shown to
examination of this sample by HTXRD. We found: 1. provide a uniquely powerful method for analyzing
that the sample obtained by decomposition of Lu2S3, heterogeneous behavior at high-temperature.
which we call Lu2,1S3, no longer has the a-AI203
structure, but has a powder pattern identical to Acknowledgement
that of the Luo 75S sample obtained in prior
studies, 2. that this Lu2.,S3 transforms to NaCl- The Ames Laboratory-DOE is operated for the
type at high temperatures (above about 1200"C), and U. S. Department of Energy by Iowa State University
3. the intensities of the Lu2*,S3 powder pattern are under Contract No. W-7405-Eng-82. This research
not fit well by a calculation based upon the Lu3S, was supported by the Office of Basic Energy
structure, we reported previously. A Rietveld Sciences, Materials Sciences Division.
full-profile refinement of the powder diffraction
data for room-temperature LU2,1S3 showed that it has
the Sc2S3-type structure (Dismukes 1964) a vacancy
ordered superstructure of NaCl-type.
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Abstract.-

Three alternative simple procedures for the Gibbs-Duhem integration have been presented
for di-gaseous quaternary systems in order to calculate unknown activities of two comntents from
known activities of the other twvo components. Extension to k-gaseous (k+2)-component systemis
has also been given, here k is any positive integer. Each one only requires one set of integration ti 1(r

otie '.et of differentiation for a homogeneous phase. The differentiation can be omitted wheni on'( of
them is applied to a mnultiphase and its bounidary. The results have been extended to k -gascotis

c-coulponcent systems with c > k + 2.

1. Introduction from known activities of the first and second components and
from the known initial condition of the 1-3-4 ternary stibsys-

As is well known, if the activity of one( component has ex- tern, using three sets of differentiation and three sets of ite-
perimntally been known in a terniory or iulticotuponent 'sys- gratiox. according to et.(33) - ) in the reference'. where
If-n' activt if's of all ot her components in the systemn could he .ri. r.r .r:,. -r4 and a,, a2. a3 . a4 are atomlic (or mole) fractions
calcilated by using one, of the procedures of the Gibbs-Duhemn and activities of components 1, 2. 3 and 4 in the qtlaternar v
integration proposed by Darken u1950). WVagner (1952), Schuhli system, respectively; p)1 and P2 are p~artial pressures, of the

rlan(19-55). Gokecen (1960) . Arita and St. Pierre (1977), components 1 and 2. respectively: and y is a composition ma-
('holn ( 19S 1-). IKorpachlev et al. ( 1979). Wang (1981) as well tic, defined by

as W'1g 11(n Choui (1 984 ). resp c t ively. y .X (2)

If thI ere exist two or more volat ile components in the X13 + .14

systemls. however, activities of all tliese volatile components Notice that the symbols .r andl y here have dlifferent metro-
could be, measured sitmultanreously. for example. by uising isopi- ig froni those defined by Nagamori and Yazawa ( 19S). The
es tice tond. 1Knudosen effi isiori Metho~d or cheniical etquilil)- purpose of this paper is to simplify the procedure mnit ioned

rimur meothodl. It is thlierfore require'd to present new fornis above and to extend the results to k-gaseous (k+2)-coniponert
of the Gibbs- Dieivi integration to calculate the unknown ac- systems and k-gaseous c-cornlonent systems, here c > A- + 2
tivities (if the involatile components ill the~ systems froni the and k refers to any positive integer.

known activities of the two or more comiponents.
Nagamori and Yazawa (1988) first p~resented such an 2. - Three alternative simple procedures for

proceduire of the Gibbs Duhem integration for quaternary quaternary systems -

systems. involving two volatile components ari1 two involatile
comphonienlts. As poinited out by them, however, their equa- Let jII p2, p:'3 and 114 be the chemical potentials of the
ions are very comiplex. The uniknowni activity of the third components 1. 2, 3 anid 4. respectively, in the 1 - 2- 3 -4 quat-

,ompijatilnt iii a quaternary system 1 - 2 - 3 - 4, for example. ternary system, let G he the molar Gibbs free energy of the
sliomibl be calcurlated by lie folloving equtationi: system anil let the superscript E refer to excess functions.

Basic thermodynamic equations for the quaternary systeml
1
110i m a(~~-,uay he

________ OxI ____GE=_l1E+X2, X3 PE + Tfm/1E. 3

(1 - 2) (9!) dGA" = p Edx, + 1,Fd.r, + /I dX3 + pf'd r 4  (4)
V' Al ) M&lP 1 3

-tX li - r r2 )~ Oy~ dx n xtd 1 1E + .c2d,4 + 1E ! .r(1,1E 0.(5
+~ -.r2 r + X4 (

1~ ,r1
xr

2
rl X2 X

(y = ot. Anir P, = const.)(1
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2.1. - Procedure A.

Froin eqfl. (3)

GE FII E

(4) E - i1( +t X2/Lj + (1 )II + YIE (6)
~ + r-4 x., +,r. I

Differentiating eqn. (6) and1 comparing the results withi eqn./
( ). w e h a v e r j d X

= jil~' ± 1~d £3 + it, - 1 )dy, (7)
r£j + -14 2£3 + .r.1

which. yields

(4) = (Aj , )) = + E id x' 2
£i + £4 4

corist. an(1 £3- cot} (8)
£3 + X4

+ 2 d .

y (ori,'t. afl(l const. ) (9)3
.r3 + £.A

F = DA~q()(10)
Dq x '1'

I .ice Figure 1. Integration and differentiation paths for the proceduiro A
XI I ( + )dxl in a qutaternary system 1-2-3-4. a, integration path for eqn. ( 11). 6.

31+ .r.l x1 - 1 £ + £4 integation path for eqn. (12) and c. differentiation path for eqns.

ait I lie coniditioni of y=const, arid X21(X3 + £4 )=const. as wvell (1-4) anlI (15).

X31 + £4 X2 £)' r15 + £4

-it t lie condition of y=colst . an1(1 £II/) 3 + £4)=cons~t., eqns.

(S ) anid (9) call., respectively, he rewritten as

I + -£3/(-r + X4) X, - =O± (1t

y =coast, and X2 = conslt.) 11)
£3 + £4I

811(1 A1

, )J) -0 + a 2 d113 2
I + x: ri( + £4 ) 1-2 jo

oost, and - = const.). (12)
X3 + £4I

where o is a known fuznct ion dlefinied hy I(

0I= 1- .) Mid o (1 - (13)-

\ Iiit iplying eqrii. (1(0) by yj ando comininzg the resiilt s with
P(IIn. w6)eu have IFigtirt. 2. Relation between partial niolar qutantities and (Aj,).

9~ F E (13() \or A(' P an ,V = ri4rI4 F_____
\~)~f1JJ£xt(+ £211Y (14 'h'(q) 2~1(qJ X,+r4  =/4 + 3X

/' Ti ~ 0 £3+4) when EC) F denotes (A 5 ) against y at constant XIA/( 3 + X,4) a11)(
£3/(1 +r.~: AP 3 + RTln(xi + £4) and NQ I

Frozin vqi. (10) and (14 ( + RlTln~r'3+X 4 ) when EO tdenotes (BI~j) against y at constant 011

72£2+RTx2(1+in(X3+r, 1 .) j~VAI 1l'+ .2/(Iand a2; as well as AP= j4 + +R~~.-+

/14 = ' i~ -. (13) and NQ = F + RTzIi0 3 ) + RTln( 3 + X4 ) when FOEF

denotes (C',,)) against y at constanit a, and X21(13 + 14)
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Curves a and b in Fig. 1 illustrate the alternative integration E = O(B)) /y)
paths expressed, respectively, in eqns. (11) and (12), while '91) +x

the curve c, the differentiation path expressed in both eqns. From eqns. (22) and (23)
(14) and (15). After (A(q)) has been calculated in terms of
either eqn. (11) or (12), both pE and it may be calculated = -O[(B~ 4 1 )/(1 -

at the same time in terms of eqns. (14) and (15) along the -1 - J ' - RTn(x3 + X4). (24)
curves of 't/(x3 + x4)=const. and x2/(X3 + x4)=const. as
illustrated in Fig. 2. Only one set of integration and one set Curves a and b in Fig. 3 illustrate the alternative integration
of differentiation is required. paths expressed respectively in eqns. (20) and (21) and the

From eqn. (10) curve c, the differentiation path for both eqns. (23) and (24).
Therefore, after (B{q)) has been calculated in terms of either

-E)dy = ((A{f})) 1 -2- 4 t - ((A{f))hj-2- 3 t .....y eqn. (20) or (21), both jE and u4 may be calculated at the

san 13 c . same time in terms of eqns. (23) and (24) along the curves
X3 = const, and X - const.), of a,=const. and a 2=const. as illustrated in Fig. 2. The

(16) procedure also involves one set of integration and one set of
differentiation.

Similarly.
2.3. - Procedure C.

2 - , 1)d + x2 ((A{q}))i-3 4 ......r Equation (6) can also be rewritten as

- (({}) RTX2[1 + n(X3 + X4)]

X3 const. and X4 = const.). (17) (C{q}) G+ X + RTi( + X)
X1+X2 X1+X2 2E +( y)+ 4 IA+ RTx 2 [l + n(X3+ X)]

Equations (16) and (17) can, respectively, be used for check- X3 + X4 3 4 X3 + x4
ing the thermodynamic consistency between the data of the + RTIn(x 3 + x4). (25)
quaternary system and its binary and ternary subsystems. Differentiating eqn. (25) and comparing the results with eqn.

2.2. - Procedure B. (5), we have

d(C{q}) = -RT x' dlnal + {11 + RTln(x 3 + x 4 )}d X2

Equation (6) can be rewritten as + 3 + X4 Z3 + X4
+ (pE_'E)dy (26)

G' - Xl/i E - E,
(B{q}) = + RTIn(x 3 + X4) since

X3 + X4

- (l-Y)p 3 + yE + RTn(x3 + X4). (18)

Differentiating eqn. (18) and comparing the results with eqn.
(5), we have

d(B{f}) = -RT X dlnal-RT x dlna2 +(pi4p-3)dy

(19)

since

1 X2
dln(x 3 + X4 ) - -dl din4 - dn, 2 .

Equation (19) yields

(q)-( (Biq ))o,o - RTj X'/a' da,
13 + X4

(y = const. and a2 = const.), (20) C

2

(B 4 t) = ((B(,q))u=o - RT x"/a da2I"X3 + X4

(y = const. and a, = const.) (21)

F , = (B~q}) (22) 3
P14 P3~ =

Multiplying eqn. (22) by y and combining the results with Figure 3. Integration and differentiation paths for the procedure
eqn. (18), we have B in a quaternary system 1-2-3-4: a, integration path for eqn. (20),

b, integration path for eqn. (21) and c, differentiation path for eqns.
(23) and (24).
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d(I - xl)ln(x3 + X4) 1  dln(x 3 +X 4)+ln(X3 + X4)d X2 Curves a and b in Fig. 4 illustrate the alternative integration

X3 + X4  X3 + X4 Z3 + X4  paths expressed, respectively, in eqns. (27) and (28) and the

and curve c, the differentiation path for both eqns. (30) and (31).

Therefore, after (C{q}) has been calculated in terms of either

1 dln(x 3 + X4) = .dlnx, - d '- eqn. (27) or (28), both p .and p[ may also be calculated
X3 + X 4  X3 + x4 X3 + X 4  at the same time in terms of eqns. (30) and (31) along the

Equation (26) yields curves of a,=const. and x2/(1.3 + x 4 )=const. as illustrated in

Fig. 2. The procedure also only involves one set of integra-

(C{ 1 ) = ((Cf))),=o - RTJ xl/a 1 d tion and one set of differentiation.
I"X3 + X4

(y = const. and X2 = const.), (27)
X3 + X4  3. - Activities in multiphase re6:ons_ -

The three procedures mentioned above can be applied
+2 to both homogeneous phases and multiphases. When applied

--/)).2o + 34p+ RTzn(X3 2 to multiphase regions, the procedure B may further be sim-
0 X 3 + X4  plified. In such a case, eqns. (23) and (24) can, respectively,

(y = const. and a, = const.) (28) be rewritten as
an~d RTI.., : o8{((Bj,}) + RT[(1 - )l 3 + Yl.4 - 1n(X3 + X4)])/ 1, (32)

S9(C{q}) ) 2
( ) R- 8{((B(,)) + RT[(1 - y)1,-3 + yj, 4 - 1(-3 + -,)1)/(l - ) -

Multiplying eqn. (29) by y and combining the results with aI/( 0 -)/ (33)
eqn. (25), we have Since every tie-line in any multiphase region and at its bound-

E ary is a common isoactivity line for all the four components,
3 = (_{)/Y )a,2 - 2 _ RTln(x 3 + X4) {(B{q}) + RT[(1 - y)InX3 + ylnX4 - In(x 3 + X4)] against y

y}'3+'4 x3 + X4 corresponding to every tie-line should be a straight line. The

RTx 2 [1 + In( 3 + X4)] (30) intercepts of its extension should be equal to RTlna3 at the

53 + 54 axis of y = 0 and RTlna4 at the axis of y = 1. The differen-

From eqns. (29) and (30) tiation calculation can therefore be omitted and only one set
of integration is required.

P4 ) ,' 2_ RTln(X3 + X4)
1/O{{q } - Y)) 3+14 X3 + 4 4. - Extension to k - gaseous (k + 2) - component

RTX2 [1 + In(x3 + X4)] (31) systems-
X3 + X4

In this section we discuss how to calculate unknown ac-
tivities of both (k + 1)-th and (k + 2)-th components from
known activities of other k components in (k+2)-component

1 systems.
Let t be a composition ratio defined by:

t = Xk+2 (34)
Xk+1 -+ Xk+2

Extending eqns. (6) and (7) to k-gaseous (k+2)-component

systems, we have

a AG+2) G (' - t)A1 , +tP+
(Af+2) =_= - ++ k(1

k+1 + Xk+2 k+1 + Xk+2 (35)

= A~k'k+I+5,+d + (PEk+2 k+I)dt; (36)

where i E {1,2,. .. ,k}. Equation (36) yields

.4 (A{k+ 2 )) G GE = (G) + ox
1 + Em. Xi. /(Xk+1 + 51+2) I- xx

(t = const. and all '+. = const.) (37)
'k+I + 51,+2

and
Figure 4. Integration and differentiation paths for the procedure E O(A{(k+ 2))),(8
C in a quaternary system 1-2-3-4: a, integration path for eqn. (27), & - = ( 8t
b, integration path for eqn. (28) and c, differentiation path for eqns. where i" E {1,2,. - ., k} but i* * i. From eqns. (35) and (38)
(30) and (31).
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E 0 ( (A~k+ 2 )/t) - i _______ (G(k+ 2)) =((C~k+ 2})) ,x
0(i /t) '&'+k+ Xk+I + Xk+2' - l + RTln(xk+l + Xk+2)}dlfl

E 9 [(A{k+ 2))/(l - t)] (0(t=Ot. all a = const. and +
C911/(1 - 0)1 -k1-+'k+2 Xk+l + Xk±2 all X1. con st.) (50)

Therefore, the whole calculation only involves one set of in- Xk+I + Xk+2
tegration along the curves of t=const. and all Xi./(Xk±I + and
xk+2)=coflst. and one set of differentiation along the curves E E (9(Cfk+2) (51
Of all X,/(Xk~i + Xk+2)=COnSt. /'k+2 - I'k+1 at (l a, al(1

Extending eqns. (18) and (19) to k-gaseous (k + 2)- where j* E {1, 2,..-h < k I but j' $ j and I' E {h + 1, h +
component systems, we have 2,.., k) but P $6 1. From eqns. (47) and (51)

(B~±.~) E ~ + 1?Tn(xk~l + xk+.2) /4+ -9(O(k+2 })I})al, all ----Xk+l + Xk+2 14 = a kl+'
(1 k ~~ 1 + 2 + RTln(xk+l + k+2), (41) E, +1pk

-RTln(xk+l + Xk+2) - - I
____E__E Xk+I + Xk+2

d(B{5 Xk1 ) + R T X k m ,+ /+ ,2)t RT[ 1 + ln(k+ I + Xk+2)] El X 152
(42) +k+ + Xk2

Eq-7.tion (,42) yield~s

(Bk2)= {(Bjk±2))ji=o -RITJ '.a dj 4+2 =(O{Ck2)(
fXk+I + Xk+2 {f1/0 -t) 01A~l-

(t = const. and all aj = con st.), (43) - RTin(Xk+, + Xk±2) El Xf/1 1

E4+ E £ (Bfk+2 )4) RTX+llZ+ k..I + Xk+2
Pk2-Pk+l )all a, (4 TI+l.k Xk+2J X1 xi (53)

From eqns. (41) and (44) Xk+I + Xk+ 2

E afB~k+)VtITherefore, the whole calculation only involves one set of in-
AkI (O{Bk 2 ) ).Ia,. - RTln(Xk+l + Xk+2), (45) tegration along either the z.-vcs of t=const., all a.,,=const.,af{1t and all il/(Xk+I + Xk+ 2 )=Cofst. or the curves of t=const.,

Et)}Bk20( -0 all a2 =const., and all zl./(zA,+i + Xk+2)=COnst.; and one set
4k+2 (t\~l - 01\- ).ia -~ -RTln(Xk~l +Xk+2). (46) of differentiation along the curves of all a,=const. and all

Therefore, the whole calculation only involves one set of inte- I(k +-2)cnt

gration along the curves of t=const. and all ai.=const. and 5. Discussion-
one set of differentiation along the curves of all ai=const.

For k-gaseous c- component systems where activities

Extending eqns. (25) and (26) to k-gaseous (k + 2)- of the k components have been known, the procedure A yields

component systems, we have G izlf _XIE((A{~) G _ Z/i.+ Zmxm/rn +1 -)lE~ + tAE~
GE- 

1
L + RT[l + fln(Xk+I + Xk+2)] El X X+I + Xk+2 Xk+I + Xk+ 2

(C/k+2)) =-X+ 2(4

+ RTln(Xk±I + Xk+ 2 ) (A,)GE

(1 +2 + RTin(:rk+I + Xk+2) 1+ Ej Xi./(Xk+l + Xk+2) + Z- XmI(Xk+1 + Xk+ 2 ) 1 -

El x,/4 RT[l + ln(Xk + Xk+2))] XI (GE,= + Ix. dxi
+ + + Xk.+ 2 + X- + k+2  ,(47) 10

(t = con st., all -X. const. and
Xks.1 + Xk+2

d(Ck+ 21) =-RTZ x.,+Z+ dina3  al m - ot., (
j -' k+ l Xk4.1 + Xk+2= os. (5

+ rfE+ RTln(xk~i + Xk* 2 )}d-x

± (4+ 2-,4+1 )d + Xk+2 E ____a

(48 )t, all all (56)

where j E (1, 2, - h < k} and I E vj + 1,h+2,***,k}. ++k4
Equation (48) yields E 8A 4 /)

} ~ ~ ~ ~ ~ ~ ~ E ZX/
3

d, (t=cnl .P4 + _i,n m/E(('Ik+2)) = ((C{5 +2 j))a,=O - kIZ+ da X=cns.Im (7

all aj. = const. and all =I const.) (49) Xk+l + Xk+2
Zrk+l + Zk+2 and
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It- t)E (C{) =((c 1 }))a,=o - + RTll(xk+l + Xk+2))
.9+2 O11(1 - 0)J 0.+1 +'k+2 ' k+l +'k+2-dn 1

.+ E 4din x (t = const. all a = const.E t +], ,,t (58) X:k+1 + Xk+2

Xk+, + Xk+2 all X . const.
Xk+1 + Xk+ 2where i,i' E {1,2,.. ., k} but i' 3 i and m,m E {k + 3, k + and all =, const.), (66)

4,. • c} but m" j m; the procedure B yields Xk+I + Xk+2

G E  
_ 1 , "Il E  P + ~ n x + + k 2 c )1 1(B. GE - + RTln(xk+l + Xk+2) p)+RTan(zl++l a,+ .+1+ ) l

X1+, + Xk+2 F_ ++ (67)

+ RT[1 + ln(xk+l + X.+2)] Im
Xk+l + .1+2 mE (t(C)t) )all a,, a alt)P E , t+Uk+k

- (1 -t)i+ 1 + tpk+ 2 + RTln(xk+, + Xk+2) 01t) ) k+ . ... 0+l+.+2

+ RT[1 + lfl+ EX.El 1 ' +"1 X'" - RTln(xk+i +Xk+2)
15+I + X+2 Xk+1 + Xk+2X_ +2) Eli X1 + EMa X,

+ F , (59) - RT[1 + ln(xk+l + Xk+2)] (68)
Xk+l + Xk+2 1k+ + Xk+2

and

(B0,) ((B(o1 )),.=o - a, / X, da, E ( c{ /(10 - 01} "°
011/( - t)} k+l+,A+2 k+l'k+2

(t = const., all a,. = const. and £ E + , Rn + +

all ,_ const.), (60) + - RTln(Xk+l + Xk+2)
X k + 1 +. X k + 2 X k + l +1 X k + 2E l X + E _ __5++ E 2 xt + , x , (69)

E~~ ~~~~ RT[ + ln(k+l + X+ 2 )] I + k2(9

p, + RTln(Xk+l + X5+2) = (9 ai9 . " u -o .E Xk~l -l Xk+2

00+1+0+2 + (61) where j,j* E {1,22,"h < kl but *J; l, C {h+1,h+2,

• ,k) but l" $ 1; and r, m' {k+3, k+4,--.,c} but m" 0 m.

S+ = (B{.)t}- After (Afc}), (B(,}) or (Cf,1) has been calculated by one set-k{ )- all .,..11 RTln(xt +l + Xk+2)
( R++'l 2 of integration and all yE have been calculated by (c - k - 2)

RT[1 + ln(Xk+1 + Xk+2)] "m m _ E, x , (62) sets of differentiation, both pk+l and pk+2 can be calculated

1k+1 + - 1s+2 + + k5+2 by one set of differentiation. Only one set of integration and

and (c - k - 1) sets of differentiation are required for the whole

calculation.
= fO{ (B{})/(l- t) )), all Z

S {1/(1- t)} k1+!. +2

- RTln(T +i + Xk+2) Acknowledgment
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OXYGEN PARTIAL PRESSURE OF Y-EDa-Cu-O FROM DIECT MEASUREMENTS

F. Faupel and Th. Hehenkamp

Institut fur Metallphysik, Universitit G6ttingen, 3400 G6ttingen, FRG

Abstract

The oxygen partial pressure of YBa 2Cu 3 06+x was measured directly as function of

temperature and composition under isochoric conditions with minimized free volume. Since
this technique does not require major diffusion of oxygen for equilibration it is applicable

down to T < 200 °C. Different from isobaric measurements the composition range near x = I

is accessible. The partial enthalpy of oxygen AHx) was derived from the data. A strong

decrease of A(x) was found for x > 0.9. Based on pressure-composition isothermes the
thermodynamic factor was calculated. The latter drastically increases as x approaches 1. The

present investigation indicates that the stability of oxygen saturated YBa2Cu 3
0

6. towards

oxygen desorption has largely been overestimated, particularly at low temperatures.

l -2.troduction the presence of about I % of impurity phases (Faupel et

al. 1990). No significant differences in the oxygen partialThe oxygen content of YBa2Cu36+ can be reversibly

changed in the ,-ange 0 < x < i (Hazen et aL. 1987). The pressures were observed between this powder and the

superconducting properties of the material strongly Hoechst material.

depend on the composition. Highest T values are obtained

near x = 1 (Engler et al. 1987). Therefore knowledge of For the per masureentin a rciblewith Y-Ba-Cu-0 powder was placed within a furnace in a
the 02 partial pressure as function of temperature andcompsiton s inispnsalevacuum pumped quartz tube with minimized free volume.
composition is indispensable. Pressure was monitored outside the furnace by a piezo-

UsuRIv measurements are carried out at constant resistive gauge. The inner dimensions of the quartz

oxygen pressure, and the composition is recorded as tubing were large enough to achieve a constant pressure

function of temperature, e.g. by means of thermogravime- in the whole volume in the pressure range investigated.
The quartz tube could optionally be connected by a

try (Gallagher 1987, Musbah and Chang 1989). These The t a q ud opimass s ecoete b i

measurements require long range diffusion of oxygen for oe to aalyze ote gas pec(Fauetet am. 19

equilibration and are, therefore, restricted to relatively Substantial amounts of water were detected in most

high temperatures. In addition, the most interesting samples. They were stdree in dry atmosphere, though.

concencration range near x = 1 is not accessible. smls hywr trdi r topee huh
Therefore, the water was removed by evacuation, and the

final oxygen loading was carried out directly in the
In the present paper we report p0 2( x, T) values, set-up for pressure measurements. Additionally, remaining

which have been obtained from direct measurements traces of H20 were trapped by a Peltier cooling unit. A
under isochoric conditions with minimized free volume, computer was used for data acquisition and for increasing
This technique (Faupel et al. 1989) avoids the afore- the temperature by steps of typically 35 'C. The pressure
mentioned drawbacks of the isobaric measurements. The was allowed to equilibrate after each step. No major
partial enthalpy of oxygen as well as the thermodynamic diffusion of oxygen was required for equilibration because
factor, which affects chemical diffusion of oxygen, are of the extremely small free volume. Typical changes in

determined from the data. composition caused by oxygen evolution were of the

order of Ax = 0.01 at I bar 02. Ax was calculated by
2. - Experimental Procedure means of the ideal gas law from the amount of powder

(7 g), the pressure, and the free volume. The latter was

Y-Ba-Cu-0 powder of 99 % purity and Tc = 92 K essentially given by a dead vulume of about I ml within
was kindly provided by Hoechst company. In addition, the furnace around the Al 203 crucible and a dead volume

1-2-3 material was prepared by solid state reaction from of - 1.5 ml at room temperature. The equilibrium pressure

BaCuO2 and Y 2Cu 2Os as described by Chunlin et al. of the samples was generally reached in less than 30
(1988). Oxygen saturation was obtained by an annealing min, while much longer periods are needed even at high
program in flowing 02. which involves a final ramp temperatures for any technique involving major changes

between 400 and 300 °C for 50 h. ihe samples exhibited in composition (Faupel et al 1989).

a Tc of 92 K (midpoint) with a sharp transition range in

resistivity of '- 3 K and excellent susceptibility values. The oxygen concentration of the samples was deter-

X-ray measurements showed the Y-Ba-Cu-0 to be ortho- mined by taking oxygen saturated YBa2Cu 306 ., as refer-
rhombic and single phase. DTA measurements revealed ence with x = I. The oxygen content was reduced in a
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well defined way by evolving a certain amount of 02 into account. At high temperatures and for x < 0.8 the slope

a large calibrated volume (66.6 ml). The ideal gas law of the log (p 0 2) vs. x lines is nearly constant. A strong
was employed to calculate the change in composition. increase is observed as x approaches 1. particularly at

low temperatures.

3. - Results and Discussion

An Arrhenius plot of log (p0 2) vs. I/T is shown in 1.0

Fig. I for various values of x. Here x refers to the
original oxygen concentration. x slightly decreases with

increasing pressure due to the effect of the finite free 0.8 0

volume alluded to above. This leads to a small curvature 0

S0.6 0 00
0

' " ' ' < 0.4

00010
1000.0 0x 0.2 1

-. 0.0
0.2 0.4 0.6 0.8 1.0

100
6'.96

x.2 .Fig. 2: Partial enthalpy for oxygen of YBa 2 Cu3 O,, as

103function of x.

0.0010 0.0014 0.0018

li/T (K -
1)

Fig. I: SemTilog. plot of oxygen .. '-ial pressure vs. I/T 1 0

for YBa 2 e uO,0 + with various values of x. The curvatures 1000-" "

at high pressure originate from the finite free volume

(see text). •

S100 ,

at high pressures, which becomes larger near x 1.1100 K

Straight lines were fitted to the data in the linear range. 10 1000

From the slopes 2 AB/ 2.303 k one obtains the partial 1000

enthalpy of oxygen AH(x). It is depicted in Fig. 2 as 900 0,800 600 K

function of composition. 0" 700
0.2 0.4 0.6 0 8 1.0

AH(x) varies moderately except near x = I where a

drastic decrease is observed. This drop of AHx) close to
the oxygen saturation content reflects a pronounced loss

in stability towards oxygen desorption. Further measure- Fig. 3: Pressure-composition isotherms of YBa2e"30 x

ments are needed in order to clarify whether the change between 600 and 1100 K.

in Hi(x) for x < 0.5 is caused by the orthorhombic-to-

tetragonal transformation. The experimental errors of

AH(x) are conservatively estimated as < +/- 0.08 eV. The driving force in a chemical diffusion experiment

Literature data on the partial enthalpy of oxygen are not is the gradient in the chemical potential, and not in the

available in this technologically most important range. concentration. Hence, any concentration dependence of

To our knowledge. AH(x) has been determined for x s the oxygen pressure gives rise to an enhancement of the

0.9 only (Strobel et al 1987, Brabers et al. 1988. Verweij intrinsic diffusion coefficient according to (Manning

et al. 1989, Meuffels et al. 1989). Values are centered 1968)

around 0.8 eV. but also enthalpies as high as 1.15 eV

have been reported (Gallagher 1987). Most authors find a D = D. d 'na, = D* I d In po 2  0
slight increase in AHix) with increasing x. d InN 2 d In N

The data of Fig. I were used to calculate isothermal D* is the oxygen tracer diffusivity and N the molar
pressure-composition lines (Fig. 3). The change in oxygen fraction of oxygen. The activity ao is related to the

concentration due to the dead volume was taken into partial pressure:
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Experimental enthalpies of formation of some solid phases in the systems

PtTi and PtZr
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Abstract : Direct reaction calorimetry has been used to determine the enthalpies of formation of
Pt3Ti, PtTi, PtTi3, Pt3Zr and PtZr2.
Results are given and compared to former literature values.

1 - Introduction quantity of heal which i, measured can be described as
the sum of the pure metal enthalpy increments between

start, syete a prom o r asuretsy ws room and calorimeter temperatures and of the enthalpy
started, some ten years ago, in our laboratory to of formation at the calorimeter temperature. As
determine the enthalpies of formation of compounds enthalpy increments of pure metals are tabulated (e.g.
made of a metal from the titanium column and a metal Barin et al, 1973, 1977) and checked in our
froi! z r,* r ocip (Ggarhon et al 1981). In addition calorimeter, enthalpies of formation are found in a
to the industrial interest for transition metal alloys, very simple manner.
such a program was motivated by the possibility to
build theoretical models of transition metal and 3 - Results and discussion
transition alloy cohesion based on d band and d
electrons. Table 1 gives all our experimental results and

compare them with literature data.
Our choice of components, with a d- electron

poor metal and a d-electron rich metal allowed us to The first point to consider is the reliability of the
scan a wide range of d electron concentrations when phase diagrams we used as a base for our study forvarying the stoichiometries of compounds. PtTi two different ones are available :

- one from Kubaschewski et al (1983)
2 - Experimental method - one from Murray (1982)

We mix, in suitable proportions, at room There are disagreements between them on the
temperature, fine powders of the two components, and platinum side and in the range 53 to 73 % at. of
compress the mixture in order to get small pellets, platinum. We selected for our study only the three
(typically 50 to 200 milligrams). These pellets are compounds that are not to badly defined : Tio.75Pto.25
dropped into the calorimeter crucible which is kept at (Ti3Pt), Tio.5 0Po.50 (TiPt), and Tio.25PtO.75 (TiPt3),
a temperature below the melting point of the using stoichiometric proportions to avoid the problem
compound but high enough to ensure a quick diffusion of ill-defined homogeneity ranges.
of both metals into each other. The most often we get
reactions times of a few seconds. After cooling the For Pt Zr one diagram is drawn in Elliott (1965)
calorimeter we check the products by X-rays and after a work by Kendal et al, another from Darling et
electron microprobe. The whole process of al (1970) is nearly the same except for solid soubility
preparation and reaction is conducted under argon of zirconium in platinum. Both agree on three
atmosphere in order to avoid oxidation of the different compounds • PtO.75Zr0.25 (Pt 3Zr),
transition metal powders. Pto.50Zro.50 (PtZr), Pto.33Zro.67 (PtZr2). Many other

compounds have been suggested but never well
From a thermodynamic point of view we start co .. ,,.A.,C. C, 7to.,iZio.07 (PtZr 2 ) is

from one state : the two pure metals at room controversial, it could be stabilised by oxygen
temperature, and we go to another state : the (Kleykamp 1990). We studied PtO.75Zro.25 (Pt3Zr)
compound at the calorimeter temperature. The overall and PtO.33ZrO. 67 (PtZr2) since Pt0.50Zro. 50 has already
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been studied (Gachon. 1988). (1982) or Kubaschewski et al (1983), possibly a

In the system PtTi, from a crystallographic point metastable phase.

of view we found that PtO.75Tio.25 (Pt3Ti) has a In the system PtZr we found Pt.75Zro.25
AUCU3 structure like indicated in Murray (1982), (Pt3Zr) hexagonal (Ni3Ti type), while for PtO.33Zro. 67
while for Pt0.50TiO.50 (PtTi) we got a mixture of CsCI (PtZr2), in addition to the fcc Ni Ti2 structure, traces
and orthorhombic structures. Murray (1982) reported of another phase appeared and it could be
an allotropic transformation for PtO.50Ti0.50 (PtTi) Pto.375ZrO.625 (Pt3Zrs) as already proposed by Biswas
with a high temperature CsCI form and an and Schubert (1967).
orthorhombic low temperature form (< 1000 0C), so
we think that our calorimetric result concerns the high From a thermodynamic point of view our
temperature phase and that during cooling of the values for 50/50 compounds can be compared to
calorimeter a partial transformation into the low former results by Topor and Kleppa (1989) and there
temperature form occurred. The last compound is a good agreement between them, within the
Pto.25TiO.75 (PtTi3) was found cubic (OW) but with uncertainty ranges. For the platinum rich compounds,
traces of another cubic phase, not reported in Murray Meschter and Worrel (1977) found, by derivation of

TABLE 1

EXPERIMENTAL RESULTS AND LITERATURE DATA

Pt Ti

Compounds Structure References Temperature Enthalpies of formation
literature (K) J/mole of atoms
experiment Experiment literature*

Pt0.75Ti 0.25 AuCr3 Pt fcc 1673 -94000 exp -85400 (MW)
(Pt3 Ti) AuCu3 Tibcc (a = 4300) comp -70000 (N et al)

comp -78000 (CPH)
Pto. 5 0Ti 0.5 0  Ptfcc 1673 -77100 exp -79700 (fli
(Pt Ti) See discussion Ti bcc exp -75000 (G)

(a=3100) comp -112000 (Netali
comp -104000 (WB)
comp -94000 (CPH)

PtO.25Tio.75 cubic Ptfcc 1473 -59000 comp -73000 (N et al)
(PtTi3) cubic Ti bce (a = 900) comp -72500 (CPH)

+ cubic I I

Pt Zr

Compounds Structure References Temperature Enthalpies of formation
literature (K) J/mole of atoms
experiment Experiment literature*

PtO.75ZrO.25 hexagonal Ptfcc 1673 -106000 exp -113000 (MW)

(Pt37r) Ni 3Ti Zr bcc (a = 3400) exp -128000 (SF)
comp -101000 (Net al)
comp -92000 (CPH)

Pto.33ZrO.67 fcc Ni Ti2 P fcc 1500 -84000 comp -118000 (N et al)
(PtZr2) fcc Ni Ti2  Zr bcc (a = 3500) comp -74000 (CPH)

+ Pt3Zr5  I I ___I
N.B. : 50/50 compound - 90000(G) exp -96000 (IK)

(Y = 10000)
'literature results : exp for experimental determination. comp for computation, (initials) in brackers refer to authors.
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emf measurements, results relatively close to our own. the other which follow the same trend as the melting
For Pt.75ZrO.25 (Pt3Zr) Srikishnan and Ficarola points, as already mentionned by Kubaschewski and

(1974) gave a result too negative but it was got by Alcook (1979), is not reproduced.
combustion calorimetry and certainly not very To conclude, this is the first set of experimental
accurate.

enthalpies of formation for compounds in the systems
Model results by Miedema's group (Niessen et PtTi and Pt:Zr. It confirms the tendency of enthalpies

al, 1983), Colinet et al (1985) and Watson and Bennett of formation and melting temperatures to vary in a

(1984) are of the same order of magnitude as same manner and shows that models are still not

experimental results. The drawback of these values is accurate enough.
that the experimental variations from one compound tc
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Abstract.-

The tellurium rich part of the ternary system Ag-Nb-Te has been determined employing
cculometric titrations in the solid state using solid silver ionic conductors in specially
designed galvanic cells with mixtures of binary niobium tellurides as cathodes. In contrast
to NbS2 and NbSe2 no silver intercalation of NbTe 2 could be observed. The results, confirmed
by X-ray diffraction, indicate the coexistence of the binary silver tellurides Ag Te,
Ag1 9Te and Ag5Te3 with NbTe . No ternary compounds could be found between 25 and 409"C.
Finally, the advantages and limitations of the coulometric titration technique, regarding
the simultaneous determination of thermodynamic parameters as well as the phase diagram with
nigh stoichiometric resolution, are discussed.

I.- Introduction could be found In the system Ag-Sb-Te; similar

ternary compounds are known for sulfide and selenide

The aim of this project was the investigation systems. Liimatta and Ibers (1987) reported a layered
of the ternary system Ag-Nb-Te by solid state ternary transition metal chalcogenide NbNITes.
electrochemical methods using solid silver ionic
conductors In proper galvanic cells. The title The selenides and sulfides of nioblum are well
ternary system has not been subject to any analysis known examples of intercalation. The only known
before, although binary and ternary chalcogenides of intercalated tellurides have been p. ,ared either by
the IV., V. and VI. group of the transition metals Li-intercalation in solution (Murphy et al. 1976) or
are very interesting materials due to their tendency by reaction of silver powder with the mixed
to form low dimensional compounds that might serve as layer-structure telluride TiZrTe4  to give the
cathode mat. iail. :n solid state batteries, intercalated compound AgTIZrTe4 (Cybulski and Feltz

1989, Cybulskl et al. 1989).
In the system silver-niobium only a very slight

solubility at high temperatures has been reported Huan and Greenblatt (1987a, 1987b) reported the
(Kieffer et al. 1963). preparation of intercalated Nb3Te4, where silver is

incorporated by annealing of stoichiometric amounts
Up to now, four stable niobium tellurides have of the elements to form Ag2NbeTes.

been characterized (Selte and Kjekshus 1964). NbTe4,
which coexists with metallic tellurium, is stable up 2.- Coulometric titrations in the solid state
to at least 900C (Bbhm and von Schnering 1985, B6hm
1987, Mahy et al. 1984). As has been shown by Kiukkola and Wagner (1957)

and Sitte and Weppner (1985, 1987) the method of
NbTe 2 is a member of the well known family of "coulometric titration" ("galvanostatic intermittent

layered dichalcogenides. So far, no phase transitions titration technique") in the solid state is a very
or phase width are known. The layers separated by van useful tool in investigating binary and ternary phase
der Waals gaps are somewhat buckled due to diagrams with high stolchlometric resolution and
metal-metal-interactions that lead to the formation obtaining thermodynamic parameters simultaneously. Of
of Nb-triplets (Wilson and Yoffe 1969. Nb3Te4 has course, in order to achieve reliable emf data several
been successfully Intercalated (Sch61lhorn 1980, Huan conditions have to be fulfilled. At least one of the
and Creenblatt 1987a, 1987b). Finally, Nb4Tes Is the components of the system must exhibit high Ionic
binary nioblum telluride with the highest nioblum mobility. An appropriate ionic conductor must be
concentration (Selte and Kjekshus 1963, Selte et al. employed, which is stable in the desired temperature
1966). range. Additionally, the starting material incor-

porated in the working electrodes must exhibit mixed
The binary silver-tellurium phase diagram has conduction and the compounds of the galvanic cell

been investigated using the method of coulometric must not react with each other or the atmosphere.
titration between 25*C and 200*C (Sitte and Brunner
1988). The results confirmed the established phase In the case of the system Ag-Nb-Te the
diagram (Kracek et al. 1966). The emf data of the following galvanic cell has been used:
binary system can be used as a basic set of
information for comparison with the initial results PtJAgIAg*-ionIc conductorlAg xNb yTe zPt
of the tellurit.m rich part of the ternary system
Ag-Nb-Te (Ag -ionic conductor = AgI, RbAg4Is, Ag-B"-AI203 )

In contrast to sulfides and selenides, only few
examples of ternary transition metal tellurides are The silver concentration of the sample with the
known that might give an insight Into structure types nominal composition "AgxNbyTez" Is varied by passing
which could be expected In this ternary system. The a constant current pulse through the sample according
sulvanite type semiconductors (Hulliger 1961, 1968) to
exhibit a variety of compounds such as Cu3NbX4 (X = YMNb * zMTe
S. Se, Te), but no silver analogon is known. Ag2NbTe3  Ax = I At , (1)
has been described by Brlxner (1965) as a zFm
thermoelectric ternary alloy , but the author never Nb Te

denotes It to be a single phase compound. AgSbTe 2 yz
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remarkable silver solubility of approximately 4 mol-% r BE 3b

silver between 450*C and 530*C, thus forming a - - (1/Fd) (-l)dA (3)
two-phase region Ago.4Nb 3Te4-Ag2Te. In fig.3 the L t
resulting ternary phase diagram is given for T=40

0
*C. whereas the enthalpy of formation results from the

At this temperature all three silver tellurides are
present. The regimes of the eutectic and peritectic
melts in the binary system Ag-Te (Kracek et al. 1966) AH(T) = AG(T) + T. A T). (4)
are not governed by the present study and have to be f I r I f I
left for modified experimental setups. The The activities of silver are related to the measured
limitations of the method of coulometric titration in emf by
our case are mainly given by the upper temperature
due to the melting point of AgI (555*C) and the low E.=0

1
( -) RT in (5)

reaction rates in the niobium rich part of the F Ag -A F Ag

ternary system (niobium contents higher than 40
mol-%). whereas the activites of In and Sb may also be

calculated according to eqn.(2) via the cell voltages
of hypothetical In and Sb concentration cells (Sitte

Ag and Weppner, 1985, 1987). As no literature data
regarding the thermodynamic properties of the niobium
tellurides exist, a complete analysis of the
thermodynamic properties of the ternary system

System Ag-Nb-Te Ag-Nb-Te can be given as soon as e.g. the enthalpy of
formation of NbTe4 is known by solution calorimetry.
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Thermcdynamic Study of Au-Pb-Pd 11.2. The gold - lead system:
Ternary Alloys

by E.M.F Measurements The phase diagram reported in Fig.2
is from Okamoto et al. (1985). The
eutectic point coordinates are xPb= 0.848,

S.Spas, J.M. Miane, J.Riou, R. Baret, Teut = 485.5 K, and the peritectic

Laboratoire de Chimie G~n~rale, temperatures are 701.1 K, 526.1 K, 494.6
Facult6 de Pharmacie, K, corresponding to the decomposition of

13385 Marseille CEDEX 5, France. three interme~llic compounds Au2Pb, AuPb2
and AuPb3 respectively.

and J.P. Bros,
Heats of mixing of this system were

Laboratoire de Thermodynamique des determined by Kleppa (1949 and 1956) and
Syst~mes MNtalliques, emf measurements were carried out by Hager
Universit6 de Provence, et al. (1969), by Kameda et al. (1975) and

13381 Marseille CEDEX 3, France. by Rebouillon (1989). There is a serious
desagreement among these authors about the
heats of mixing.Abstract:

11.3. The lead-palladium system:
An electrode potential study of

the liquid Au-Pb-Pd system has been There are four intermetallic
conducted with the cell compounds reported from Hultgren's et al.

Pb / Pb2+ in LiCl+KCI / Pb-Pd-Au phase diagram in Fig.3: Pb2Pd, PbPd3 with
in the temperature range 623-1200 K. Lead congruent melting points at 727 K and 1493
partial free energy and activity were K respectively; the peritectic
determined for 33 alloys. Fifteen of them decomposition of PbPd and Pb2Pd3 are at
are gathered in this work. These 768 K and 1103 K.
measurements allow us to give a part of The thermodynamic functions of thisthe liquidus surface of this system. system were determined by Sommer et al.

(1978). Their lead activity valuesI Introduction: (determined by the effusion method) were

in good agreement with those of

In the course of the thermodynamic Schwertfeger (1966) (potentiometry).
study carried out by our group concerning In this work, we report experimental
ternary metallic systems, we have values of lead activity in some Au-Pb, Pb-
measured by potentiometry the lead Pd, and Au-Pb-Pd alloys.
activity in a number of gold - lead -
palladium liquid alloys.

The thermodynamic functions and the
phase diagram of this ternary system have The formation of a binary or
not been previously studied, except for (ternary) alloy by a reaction of the type:
AuxPdl.xPb 2 by Havinga et al. (1972), by
X-Ray diffraction to determine the lattice Pb+ PbxAuy .---- > Pb(l+)AUy
parameters of the f.c.c. solid solution.

may be investigated by a concentration
cell represented schematically by Pb/ Pb2+

in molten LiCl-KCI / Pb in Au, Pb, or Au-
Pd. Electric conduction across the phase

The phase diagram of this system, boundaries metal/electrolyte is due to the
reported in Fig.l from Okamoto et al. transition of Pb2+ ions as the active
(1985) is very simple because of the charge carriers, exclusively, because this
complete solubility of gold and palladium metal is more electropositive than gold
at liquid and solid states at the whole and palladium; in effect, the standard

electrode potentials in molten LiCl+KCl atcomposition. The liquid curve was 723 K, measured by Laitinen et al. (1958)
determined by Ruer (1906) , and Miane et 7re:
al. (1977). are:

Thermodynamic functions of this
system were determined by Bartosik (1971) Au(I)-Au(0) - +0.205 V
at 1373 K, Schmahl (1951) at 956 K, and Pd(II)-Pd(0) = -0.214 V
H6hn et al. (1986) at 1200K, with the Pb(II)-Pb(o) = -1.10 V
solid metals as reference. The integral From the knowledge of the emf value
enthalpy of mixing was determined by Miane Froa teerature o the partialfe(1979) at 1700 K for the liquid alloys. (E) at temperature T, the partial freeenergy and activity of lead in an alloy

may be calculated by the following
equation:

-zFE = Lmix Gpb= RT in aPb
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The partial entropy and enthalpy of improve the electrolytic preparation, and
mixing of lead can be deduced from the then transferred to the experimental cell
potential variation versus temperature, after putting the metals in the crucibles.

The cell is heated up to about 1200 K
IV Exoerimental: and held for two hours at this temperature

to stabilize. Potentials are then measured
IV.l. Apparatus: at intervals of about 50 K after

stabilization of the cell.
The experimental cell was described

previously by Girard et al. (1980), and IV.4. Accuracy:
reported in Fig.4. The large external
crucible (I), the lead wire sheath (D), During experiments, we took the
and the thermocouple sheath (E) are in following precautions : - attainment of
pure alumina. The pure lead alloys are equilibrium by alloys after each change in
also contained in pure alumina crucibles temperature was verified by observing the
(A). The electrode crucibles are wedged in course of emf over a period of time - The
place on the bottom of the crucible (I) by emf between two reference electrodes was
several alumina tubes (C). Each cell always lower than 10- 4  V at each
contains ten electrodes; three with pure temperature.
lead, and the others with alloys. The Since lead vapor pressure becomes
tungsten lead wires (D) for the electrodes important above 1000 K (p= 1.65.10 - 5 Atm),
and Pt-Pt 10% Rh thermocouple (E) are all measurements were repeated on tne next
aligned by two covers (G and H). In the day to check that measured voltages were
cover (G), suitable fittings permit a constant for each composition.
flowing argon. Au-Pb, Pb-Pd alloys were studied in

The cell is heated by a cylindrical the same cells as ternary alloys. The
vertical furnace with two kanthal results were compared with the published

vericl urac wth tw kntal data to verify the smooth working of the
resistors; one of them is connected to an

a-c supply, and the other to an electric cells.

regulator. V Exerimental results and
A more uniform temperature distribution is dxsesion r
obtained by enclosing the cell inside the
furnace within a concentric refractory V.1. Limiting binary systems:
steel cylinder (K) which also acts as an
electric shield. - Au-Pb system:

Erf values are measured with a The three alloys xpb = 0.10,
digital scanner millivoltmeter (Prema 0.30, 0.50 were studied. In Table 1 we
6000) with a large input impedance (10 +12 compared our lead activities values with
ohm-,). those reported by Hager (1969) and by

A program which has been described by Rebouillon (1989), measured by the same
Rebouillon (1989) allows the automation method at 1200 K. The results are in good
registration of data. agreement, because the maximum of

deviation between our values and Hager's
IV.2. Materiels; (1969) is about 5%.

99.9999 at.% gold and pallladium were Table 1: Activities of lead in Au-Pb
provided by "La Compagnie Franqaise des liquid alloys;
Metaux Pr~cieux", and 99.999 at.% lead was
a Prolabo.Soc . Product. Xp b  ap b  ap b /**/ apb

Lithium, potassium and lead chlorides 0.1 a.b / ./ b.0b7
were analytical grade salts (Carlo Erba 0.10 0.030 0.032 0.037
and Koch-Light). The -ler-rolytic salt was 0.20 0.105 0.093
prepared by purging with gaseous chlorine 0.30 0.176 0.197 0.176
from Messer Griesheim Comp. 0.40 0.261 0.281

The cell was supplied with pure argon 0.50 0.410 0.400 0.400
(grade U-Air liquid Company). 0.60 0.524 0.512

0.70 0.623 0.628
I i prepaK-atig: 0.80 0.766 0.7530.90 0.883 0.889

The molten electrolyte had to be
carefully prepared to avoid considerable * This work,
problems in experiments. The eutectic ** Rebouillon (1989),
mixtures of lithium and potassium *** Hager (1969).
chlorides (44.2 weight percent LiCl; Tfus=  

- Pb-Pd system:
623 K) was dried at 523 K for 24 hours
under dynamic vacuum. After heating at 650 For the six lead-palladium alloys
K, 3 weight percent lead chlorine ( kept studied, (xpd = 0.10, 0.20, 0.30, 0.40,
under vacuum ) was added. The decanted
mixture of salts was also kept under 0.50, 0.60), we present the variation of
gaseous chlorine (99.8%) for 30 minutes to potential versus temperature (see Fig. 5).

The linear dependance corresponds to
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liquid homeogeneous state, and the broken slope in the curve appears at 1030 K and
line for xPd = 0.60 and xPd = n , a+ T 900 K respectively which corresponds to a

1100 K and T = 900 K respectively are two phase equiirium. The liquidus
t iits of the T l=q900K rsevel or arhe temperatures determined in this way are
the limits of the liquid curve for these shown in Fig.ll.
compositions in the phase diagram (Fig.3). For all the alloys studied, we have

In Table 2, •and Fig. 5, we have calculated the lead activity at 1200 K;

compared the lead activities measured by corresponding values are reported in Table

Schwertferger at 1273 K by potentiometry, 3, and Fig.12 gives the general shape of

and also measured by Sommer et al. (1978) the an Gmix function over the whole

by the effusion method. The lead activity
in this binary system presents a large concentration range. The integral
negative deviation from the Raoult's law, thermodynamic functions have been
and our values tally with those of the calculated by a thermodynamic model (Hoch-
precedent authors. Arpshofen model (1984)) and will be

published elsewhere.
Table 2: Activities of lead in Pb-Pd
liquid alloys: Table 3: Regression coefficients

E(mV)= a+bT(K) and lead activities
xPb aPb /*/ apb /*aPb pb /**/ for 15 Au-Pb-Pd liquid alloys
0.90 0.88 0.89
0.80 0.72 0.7 a b apb Tliq
0.74 0.77
0.70 0.58 0.553 xAu/xPdl/

4

0.60 0.39 0.42 0.41 Xpb=0. 4 0 52.73 0.064 0.08 1000 K

0.50 0.19 0.27 0.22 xPb=0.50 20.18 0.043 0.24
0.40 0.04 0.04 0.04 Xpb=0. 60 11.69 0.027 0.42

• This work, xPb=0. 70 5.87 0.015 0.62

* Sommer (1978), XPb=0.
8 0 1.87 0.009 0.80

•** Schwertfeger (1966).
XAu/xPd=l/l
Zpb=0. 3 0  78.82 0.073 0.04 820 K

The measurements concerning the Au-Pb xpb=0.40 33.18 0.055 0.14
and Pb-Pd systems let us expect to have
access easely to the lead partial mixing XPb=0.50 11.56 0.051 0.29

functions of lead in the ternary Au-Pb-Pd. Xpb=0. 6 0 9.59 0.025 0.46

- Au-Pb-Pd system: Pb 3.69 0.017 0.62

XAu/xPd=
4 /l

We have studied fifteen ternary xpb=0. 30 28,58 0.068 0.12 900 K
alloys with compositions as reported in xpb=0. 4 0 13.41 0.047 0.26
Fig. 7-10.

The high temperature of Au-Pd liquid xPb=0.50 9.98 0.036 0.35

curve (Fig. 2) limited our investigation XPb=0.60 7.15 0.024 0.49

to the lead rich composition. xpb=0. 7 0 5.55 0.015 0.63

For the fifteen alloys, we have
reported in table 3 the least squares VI Conclsio
regression coefficients E(mV)= a+bT (K).
These coefficients are only available The activities of lead measured in
above the temperature indicated for number fifteen Au-Pb-Pd alloys between 623 and
of alloys. In effect, we have obtained a 1200 K allowed us to propose the partial
few points of the liquidus of the ternary free enthalpy of mixing of lead. A number
system Au-Pb-Pd by the break on E=f(T) of points of the liquidus surface of the
graphs. In Fig.8 ,9 and 10, the potentials ternary system has been determined from
versus temperature are drawn for fifteen the change of slope of E vs. T curves.
alloys with compositions:

XAu/xpd = 4/1; XPb = 0.30; 0.40; 0.50;

0.60; 0.70; References:
XAu/xPd = 1/I; xPb = 0.30; 0.40; 0.50;

0.60; 0.70; Havinga E.E. Damsa H., Hokkeling P.,
XAu/Xpd = 1/4 ; xpb = 0.30; 0.40; 0.50; (1972), J. Less-Common Met., 27, 2,

0.60; 0.70; p169.

The linear variation corresponds to Okamoto H., Massalski T.B.,
the liquid monophase region and the curved (1985), Bull. Alloy. Phas. Diagram,
part to the two-phase region. For both f, 3, p 229.
alloys, XAu/xPd = 1/4; XPb = 0.-J and

xAu/xPd = 4/1; xpb = 0.30, the change of (ue ) .C(1906), Z. Anorg. Chem. 51, p 391.
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Figure 4;Schermatic diagram ofathe apparatus FIGURE 6
The activity of lead in Pb - Pd alLoys
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Abstract

In order to calculate the thermodynamic equilibrium of a system one must
have a mathematical model how the thermodynamic functions for each

phase depend on temperature, pressure and composifion. These types of
models are useful for extrapolations to higher order systems or to higher
temperatures where there are no data available. Thus these models may be
called "models for extrapolation" in order to avoid confusion with models
based on fundamental physical properties, like the electronic behaviour,
which could be called "models for estimation". This paper will only discuss

models for extrapolations which are useful for phase diagram calculations.

Introduction

The development of fast electronic computers have Volume: V = (OG/aP), .. .3

given a new dimension to the use of thermodynamic
data. In the pre-computer age it was a tedious task to Heat capacity C, = -T(aCiT2), ...4

compute even very simple equilibria when solution I
phases were involved because it requires an itcrative Thermal expansivity: a =-( 2G/aPnT) ...5

technique in order to solve nonlinear systems of V 1
equations. When restricted to pen and paper and Isothermal compressibility: K V= -- ( 2G/aP 2 )T .. .6

maybe a mechanical multiplication machine it was V
necessary to introduce many simplification in the The quantities introduced above are valid for all

treatment of thermodynamic data. As many practical thermodynamic systems. If the system may vary in

methods to solve problems involving thermodynamics composition the composition must be constant. In

were developed in the pen and paper times, these solutions one may additionally define

methods are still persisting and have a major influence
on the teaching of thermodynamics today. Partial Gibbs energy for component i: G, = dG/aN i  ...7

Some simplifications introduced in solving where N i is the amount in moles of component i.

thermodynamic problems by pen and paper are still
useful today. But sometimes these simplifications may In modelling we will use the Gibbs energy per formula

be a problem because they tend to obscure the basic unit,

thermodynamic principles and instead keep the student G
busy with trivial tasks as changing reference states for G.. 8
the data. When most undergraduates have daily access M
to computers it is important to start to introduce where M is the total number of possible sites for
thermodynamic methods that make use of such constituents in the phase.
facilities.

In modelling the thermodynamic properties of a system

Basic Thermodynamic relations one must of course model each phase in the system
separately. The properties of the system at equilibrium

We need only very simple thermodynamics in order to is then a function of the properties of the individual

describe the models. As most thermodynamic data 0-4 phases if surface effects can be negelected.

measured at known temperature, pressure a..d
composition it is convenient to chose the Models for phases with fixed composition

thermodynamic function known as Gibbs energy,
denoted G, as the basic modelling function. if the Gibbs In real systems there are no phases which cannot vary

energy is known one may derive other quantities from in composition and in semiconductor system even very

this in the following way minute composition variations can be crucial for the
properties. However, in many cases small variations

Entropy: S = - (OiG/T), ...1 can be ignored for simplicity. A phase that cannot vary
in composition will have its Gibbs energy described as a

Enthalpy: H - G + TS ...2 function of temperature and pressure only.
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Data for pure elements and compounds with fixed One may in some cases have to use the Helmholtz
stoichiometry are the most readily available for energy because it has the advantage that it can be used
modelling. As the amount of experimental information to calculate the critical point in gas/liquid equilibria. Of
from measurements at constant pressure is much more course it is always possible to compute the value of the
abundant compared to that at constant volume it is Helmholtz energy using any representation of the
reasonable to concentrate on models describing the temperature and pressure dependence. But one must
data as functions of temperature and pressure. realize that only in exceptional cases one may find a

closed expression for the Helmholtz energy when
In tables with data for compounds as in the book by starting from the Gibbs energy and vice versa.
Barin and Knacke (1973), the important
thermodynamic quantities like C , H(T) - H(298), S and Model for temperature dependence
G are usually tabulated at given temperature intervals.
In addition the values of AH2 98 and S2., are given. By The natural approach is to use a power series of T,
convention H29, for the elements in their stable state at including positive and negative integers as exponents,
298.15 K and 1 bar is assumed to be zero. The use of i psit ati e intge aepnents,this reference for data is called Stable Element as a representation of the temperature dependence of

s drenforte s the Gibbs energy of a compound. However, some
Reference and denoted SER. temperature dependencies can be derived from a

The tabulated data can be expressed as a function the theoretical basis also.

temperature in different ways. Sometimes the values of In the present case one is only interested in
AH298, S29 are given together with an expression of temperatures above 298.15 K and this will in many
the Cp as a function of temperature from 298.15 K and tepe above 281 K ats wli manyup. A typical temperature dependence of Cp is shown in cases be above the Debye temperature for most
Fi. 1, wichl ismforfc-u.rom thpendence C, id thothr i compounds. Thus there will be no explicit modelling of
Fig. 1, which is for fcc-Cu. From the CP and the other low temperature heat capacities included in the Gibbs
thrmcemlauntities iti ibecs on ma inter energy function. The low temperature heat capacity can
thermochemical quantities because one may integrate be sufficiently well modelled by including terms with
the Cp function to a Gibbs energy function negative powers of T. The first T term can be related

Gm - Xa1 H-sR to the Debye temperature of the compound.
G.Jairi = AH2 -TS298 2+98Cd -TfVPd ...9
i 29 29h8  The heat capacity calculated from an expression for the

where a i is the stoichiometric factor for element i in the Gibbs energy is given by eq. 4. Form this equation one
compound. For equilibrium calculations it is necessary finds that a temperature independent heat capacity
to use data in the form of a Gibbs energy function in would have the temperature dependence T*In(T) in the
order to find the equilibrium. Another fact which Gibbs energy expression. As there are theoretical as
supports the use of Gibbs energy is that for solutions, well as experimental support for a temperature
alloys and other mixtures, the Gibbs energy is the independent heat capacity at high temperatures one
dominating quantity used for representing should include such a term in the Gibbs energy
experimental information, expression.

Non-integral powers have sometimes been used in the
assessment of the temperature dependence of the Gibbs

30 energy or heat capacity of compounds. As such powers
have no support from physical interpretations of the

29 heat capacity they should not be used. From these
28 simple arguments the following formula should be
27 .[recommended

. 26 G = aT' + bTlnT ...10

25
U /In geochemistry one is interested to extrapolate to very
7W' 24 high temperatures and thus geologists have a tendency
T 2to use mainly negative powers ofT in eq. 10.

23,

22------- Temperature intervals
0G 200 400 600 800 1000 1200

Temperature Cesus In the literature one often finds the following

representation of the heat capacity of elements and
Fig. 1. The heat capacity at constant pressure, compounds

CP, for fcc-Cu. Cp = a + bT + cT 2 + dT -2

This can usually be applied in a limited temperature
range only and instead of increasing the number of
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coefficients one has used the same four coefficient 60
expression but with different coefficients in two or more
temperature regions. In such cases both the heat
capacity and its derivative has been forced to be 50-
continuous at the break temperature. Except for cases E \
when there are theoretical support for such temperature -
intervals they should not be used. 40-

Second order transitions 3
30 BCC

A number of elements and compounds show second 25
order transitions which can be due to magnetic
ordering or other internal changes. At the magnetic 20
transition temperature the heat capacity should A 0 400 800 1200 1600

become infinite and it would be impossible to represent Temperature Celsius

the heat capacity in the vicinity of the critical point
with eq. 10 unless many coefficients and maybe also Fig. 2. The heat capacity at constant pressure, C,
temperature intervals were used. In such cases it is for the stable modifications of Fe showing the stong
recommended that the contribution to the Gibbs energy effect of the magnetic ordering on the bcc phase.
due to the second order transition is modelled
separately and added to eq. 10.

Eq. 10 can then be considered to be valid for a ..

hypothetical element or compound that does not show ______________

the second order transition. For the magnetic transition
the following model has been suggested by Inden (1975) HC
and later modified by Hillert and Jarl (1"78)

G' = RT f(r) ln( +l), r=T/Tc ... 11

for T <1 
CC \

79T- 1 474 1 T
3  It9  -1 5

I() =1 -[ + - - (- - 1)(- -+ - + - )VA 0- --

140p 4 97 p 6 135 600 ...12 E3

and for T > 1 A 0 400 860 12'00 1600

1-5 T-1
5  1-25 Temperature Celsius

f(t) = - (- + - + -)/A
10 315 1500 Fig. 3. Each curve represent the difference in Gibbs

518 116921
where A = (- ) + ( )[(-) - 11 ... 13 energy for the different modifications of pure Fe

1125 15975 p relative to bcc-Fe at a function of temperature. The curve

and p depends on the structure. For the bcc structure p with the lowest value at each temperature represent the

is 0.4 and for the fcc structure it is 0.28. Tc and 0 must stable modification.
be fitted to the experimental transition temperature
and Bohr magneton number respectively.

The total Gibbs energy for an element or compound
with a second order transition is thus

G= - G'YP + G"O Metastable extrapolations

where G' YP is described by eq. 10. In Fig. 2 the C, for Fe In many cases it is interesting to know the properties of
is shown for the stable modifications. The large effect of a compound or phase outside its range of stability in

the ferromagnetic transition in bcc-Fe is clearly temperature, pressure or composition. In particular for
evident. When these values are integrated to a Gibbs the case of solution phase modelling described later it
energy one can obtain the curves in Fig. 3 which shows will turn out to be very important to estimate the Gibbs
the value of the Gibbs energy relative to bcc-Fe energy of elements and compounds outside their stable
extrapolated also into the metastable ranges. These ranges.
curves are much more smooth but effect of the magnetic
transition is shown by the increasing stability of bcc-Fe
at lower temperatures.
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The most important of this is extrapolation of the liquid The thermal expansivity can usually be described a- a

phase below and the solid phase above the melting power series in temperature and in order to make
temperature. In this case one cannot use any reasonable extrapolations from low temperature, where
experimental data but must use some assumption. In most measurements are made, one should use an

the development of a general solution database the expression

Scientific Group Thermodata Europe (SGTE) (Ansara
and Sundman, 1987) has employed the method that the a = a o + a1 T +
heat capacity of the solid phases above the melting point
should approach that for the liquid phase and the liquid and avoid higher powers than one. This model was used
phase below the melting point should approacn that of in a recent assessment of pure iron (Fernandez
the solid phase. This is a very crude method and it Guillermet and Gustafson) and in Fig. 4 the phase

should only be used whenever one cannot find a better diagram for iron is shown for varying temperatures and
method. One advantage is that this method avoids the pressures. A great advantage with the Murnaghan

problem that the solid phases may become stable when model is that it can be inverted so that the pressure is

extrapolating to very high temperatures. But this expressed as a function of volume. This means that the
model cannot be used for the glass transition, same parameters can be used for a Helmholtz energy

expression as well as a Gibbs energy expression. At very
The extrapolation of data for a phase that is stable at high pressures, for example in the core of the earth, the
least within a limited temperature range can thus be Murnaghan model may have to be augmented with
made with more or less crude methods. However, in several pressure terms. However, one then looses the
solution modeling one is interested in the possibility to invert the model.
thermodynamic properties of pure Chromium with an 2700 ..........

fcc lattice for example. This has never been found in
nature and thus such properties must be estimated by 2400

various methods and models (Sauders et al 1988; 2100

Kaufman and Bernstein, 1979). A recent
recommendation of data for stable and metastable 1800 FCC FCC
modifications of the elements have been compiled by 15oo
Dinsdale (1989).

E 1200

Model for pressure dependence 900

The pressure dependent properties like volume and 600
thermal expansivity is often ignored in thermodynamic 300 - -. . .........

models. It is important only at very high pressures. For 0 s 0 5 20 25 30 35 40 45 50

the gas phase, except close to the critical point or the Pressure GPa
boiling point, it is sufficient to describe the pressure
dependence by one term. RTIn(P/P0 . For the condensed Fig. 4. The phase diagram for pure Fe.
phases a model suggested by Murnaghan (1944) can be
useful.

The isothermal compressibility, K, is related to the
Gibbs energy through eq. 6 and the thermal Models for composition dependence
expansivity, ai, through eq. 5. From this one can obtain
the pressure dependent part of the Gibbs energy by Most real systems contain one or more solution phases
integration, if ax is pressure independent or mixtures. In a solution phase the composition may

T P ] change, possibly restricted by some stoichiometric
G,(T,P) = Vnexp[ f (T)dT] fexp f -KdP dP ... 14 constraints. Each solution phase in a system must be

29s 0  o modelled separately as well as each compound. As most
Here V, is the volume at 298 K and zero pressure. The solid solution phases are stable only within a limited
pressure dependence for condensed phases are composition range it is often necessary to make
important only for pressures of several kbar and thus assumptions of the properties of some components of the
the lower integration limit can be set to zero rather phase outside its range of stability in order to assess the
than I bar. In the Murnaghan model one assumes that data for the phase.
the bulk modulus can be expressed by a linear pressure
dependence. As the compressibility is the inverse of the In most cases models of the composition dependence is
bulk modulus we have based on the mole fraction of the constituents as

1/n composition variable. However, in some cases other
KIT,P) = ... 15 variables have been introduced in order to obtain

BT)in + P simpler expression for the Gibbs energy model. For
where B IT) is the bulk modulus at zero pressure and n example when modelling chemical order/disorder one
is a constant independent of temperature and pressure. may use a variable describing the degree of order or one
Experimentally n is found to be about 4 in many cases. may use the fraction of lattice sites occupied by each
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type ot atom. In models for ordering the fraction of
bonds or "clusters" are sometimes used as independent G. = Xxj'G1 + RT YXxiln(x i ) ... 17

variables. Another example are the models used for i i

organic liquids where a quantity related to the molar A derivation of this expression using statistical

volume of the constituents are used. mechanics and assuming non-interacting species in a
gas can be found in any textbook on thermodynamics. It

In Fig. 5 a survey of models used for describing is interesting that one obtains the same formula

composition dependence is shown giving some idea of assuming random distribution of atoms on fixed lattice

the relation between them. The basic model is the ideal sites. The quantities 'Gi are the Gibbs energies of pure

and the term ideal should be reserved for the case when elements and compounds as function of temperature

the constituents are real stable species like H2, C02 and pressure as discussed earlier.

etc, in a gas or H20 and OH- in a liquid. If some
fictitious sppries are added, the existence of which are
not certain, these new species are a modelling aid and Survey of solution models

therefore the model is no longer ideal. In chemistry this
is called a complex model if all species are E-- G,bt .. g.
non-interacting. Erit.;vp ,Issng _ T-

In order to describe miscibiFty gaps one must use a
model which take into account the interaction between
the elements. Such interaction terms are called excess ...... ,
Gibbs energy terms. There are many different such I
excess models suggested but for oinary systems Lhey , (',,:,,,
are all identical. For a ternary system they may give
different extrapolations.

If the interactive energy is negative, i.e. attractive, is __.....

possible to add fictitious species or "clusters" with or. .. **

without a modification of the random mixing entropy
expression. If the interaction parameter very negative
it is probably a bad assumption that the constituents Fig. 5. Survey of models

mix randomly. However, the fictitious species can be
introduced in manv different ways and there are
several models making use of this method in order to F-
describe ordering in crystalline phases and liquids.

A different method to modify the entropy of mixing is to
take into account the existence of sublattices in
crystalline phases. In each sublattice the entropy r

expression is assumed to be random. This model have ZX";2!'i ""

successfully been used to describe interstitial solutions
and intermetallic compounds with sites of different
coordination number.

The essential property of the models is the ability to ....7
describe experimental information and allow
extrapolations from these data. Thus the assessment of
experimental data is crucial and in Fig. 6, from the
Thesis by A. Fernandez Guillermet (1988), the normal
assessment procedure is described.

A question commonly asked by those who are learning
to do assessment work is when one can decide that the II.,".,-
assessment is finished. Actually there are no finished
assessments, all results presented from assessments
represent the result when the assessor had to give up,
either from lack of funding or interest. block diagram showing the procedure forFig. 6. Ablkdigashwnthpreuefo

Ideal solutions assessing thermochemical data for solutions. Note

the importance of models and estimated data for

The simplest description of a solution ase is that the metastable states.

constituents are noninteracting and that they mix
randomly. This gives the following ideal solution model
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Complex models One should note that the fractions xi must be taken
from the constitution of the multicomponent phase. In

In the expression for the ideal solution all real species many cases it is not sufficient to have a single
formed in the phase should be included in the formula. coefficient L., to describe the excess Gibbs energy of a
If the solution phase shows a deviation from the ideal binary system. One may then expand LiJ as a function
model this means that there is some interaction of the fractions x, and x.. The following expansion is
between the constituents which cannot be ignored. recommended for use when one wishes to extrapolate
However, for negative interactions one may still retain the binary excess Gibbs energy to a multicomponent
the simple formula in eq. 17 and instead postulate the system
existence ot more species. Such models are generally
called "complex models" and are mainly used to describe EG"i - xjxYX (x, - xj ) ' L? ... 23
the properties of the gas or liquid phase.n The excess term expressed in the differences of the

Excess Gibbs energy fractions in this way is usually called a Redlich-Kister
polynomial. One great advantage with eq. 23 compared

Strong positive interaction means that the constituents to other models like Margules or Legendre, is that one
do not like to mix and may lead to miscibility gaps. In may use the fractions x i from multicomponent system
order to describe a miscibility gap it is necessary to directly in eq. 23. This avoids any complicated
generalize eq. 17 in the following way. extrapolation scheme like Kohler or Colinet in order to

convert the multicomponent fractions into binary
G. refG. + m"G. +E Gm ... 18 fractions before calculating the binary excess

contribution. For ternary systems the method of using
where 'G is called the excess Gibbs energy. the ternary fractions in eq. 23 is called a Muggianu
Substitutional regular solution models use e'G and extrapolation scheme.
flixGm according to eq. 17 i.e.

There are other excess models which use different
refG = ,xiOG forms of composition dependence but for binary system

Si ... 19 they are all equal. The advantage with eq. 23 is that
miXG = RT Yxiln(x.) the differences are invariant when there are three or

i more constituents and it is thus suitable for
but other models. for example the sublattice model, use extrapolations to higher order systems because the
other expressions for "'eG and iXG.. One should note compositions of i and j in the ternary or higher order
th difference between the excess Gibbs energy and the system can be used directly in eq. 23. Note that eq. 23
Gibbs energy of mixing. The latter is must not be rewritten using the relation xi = 1 - xi as

this is valid only in the binary system.
MG = G - Y xi°Gi ... 20

SThe number of terms in a Redlich-Kister polynomial
where the summation is made over the components of can be arbitrary high and of course the fit to
the system. The Gibbs energy of mixing is thus a model experimental data is better the greater the number of
independent quantity whereas the excess Gibbs energy coefficients. Therefore it is appropriate to point out that
depends on the model. increasing the number of coefficients will decrease the

significance of each coefficient and there is a limit
Regular solution models which should not be exceeded especially if the

assessment should be used for extrapolations to higher
The regular solution models uses eqs. 18 and 19 as base order systems. That limit is about 3 coefficients in
and tries to account for the non-ideality of a phase by metallic systems and 4 in non-metallic systems. If it is
introducing terms in the excess Gibbs energy which not possible to obtain fit within this limit one should
depend on two or more fractions. In the simplest case reconsider the mode! used for the phase and try a
one may estimate such terms from the heat of mixing. sublattice model or an associated model. The reason for

the restriction is that the experimental data in a binary
When there are interactions between the two system is usually limited and it is possible to obtain
constituents of a binary phase the simplest modelling equally good agreement with the experiments using
approach is this term several different sets of coefficients. But these sets will

give different extrapolations to higher order systems.
9G = x1 x2L 12 ...21 The best way to decide which set is best is to try

extrapolations into higher order systems where there

where x1 and x2 are the mole fractions of constituent 1 might be more experimental information or include this
and 2 respectively. In multicomponent systems one can information when assessing the binary system. This
introduce an interaction between each pair of means that one often has to modify the binary
constituents subsystem whe assessing a ternary system. But if a

binary subsystem has been used in other ternary
G,= l x 'xL ...22 assessments one may not change it without reassessing

i JA also these systems if one is developing a general
thermodynamic database.
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Based on the binary interaction one may, for ternary 1 0 .

phases which show deviation from the Gibbs energy
extrapolated from the binary system, introduce a 05

ternary interaction of the following form 0

EG123, 5
10RG2 = x 1x 2 xL 1 2 .3  .24 10,i

It is important to note that the strongest influence on 01 1 5
the ternary properties will be the extrapolated binary 20
excess Gibbs energies. When assessing ternary phases
one should not simply add a ternary interaction b'it try
to modify the binary interactions including the ternary 3'

inforn'ation. If a single ternary interaction is not 35

sufficient the following expression should be used 0 0 32 033 034 0 35 0 36 0 1/

MOt E FRACI (O34 S

I-, i I + ,- +vL1 ,.25
Fig. 7. The variation of sulphur activity in liquid Cu-S

where the v variables are defined as expressed as the partial pressure of S2 with temperature
and composition close to the Cu 2 S composition.

v. = x1 +II -x, x. - x,)/3

0 8
=x,+I1-x1 -x 2 -x,/3 .26 03 ,

v x, + -x -x)/3 0

For the ternary system 1-2-3 the v and the x fractions 0 5
are identical. However, in a higher order system the , 04,

slm of v will always add up to unity whereas the sum
of x! + x1 + x, will be smaller. This term was first 0"
introduced by Hillert (1980). 0 1

40 02 04.. 06. . 08 . 10

Associated models 4, 0 0 04 06 08 1 0
Frjlctlon S

In modelling of condensed alloy phases one has Fig. 8. The constitutional triangle for Cu-S modelled
traditionally used only the components as constituents.
This i in ct;otrast with the gas phiase where there is w 2

usually many more constituents than there are using the ionic two-sublattice liquid model with

componnts. The associated model is a mixture between (Cu 12 )P(S-2,Va.S
° )2 "

the complex model and the regular solution model Along the dashed lines the composition is constapt.
because it introduces fictitious species in order to

dribe short range order and allows interactiol
parameters between the real and fictitious
constituents. The nodel thus have the same 100 -

equation as a regular solution model, But as the 1400

number of constituents have increased it can be used to
describe more complicated (ibbs energy functions..

The associated model has successfully been used by
Sharma and (.hang (19R0) to describe liquids where the
activity of a component varies drastically within a "
small composition range. An example of this is shown 1000
in Fig. 7 for the Cu-S system. The associated model
assumes that a species (uS exists and thus the binary ,)(

Cu-S system is transformed into a ternary as shown in .

Fig 8. This means that one has an internal degree of A 0 . 1. 0 C
freedom because the composition is the same along the A Mote Per',,0.!,
dashed lines.

Fig. 9. The phase diagram for Cu-S showing the
The curve inside the triangle shows a possible locus for narrow range of stable liquid around CuS.
the minimum Gibbs energy and it is clear that this
model allows the system to be constructed as two
almost independent binaries. In the phase diagram phases. Any model used to describe this system must

shown in Fig. 9 it is evident that this system has two take into account the short range order in the liquid

miscibilitv gaps separated by a very stablc liquid .around the CuS composition.



Sublattices G Fe: Va is the Gibbs energy of formation of iron in the

fcc state and °GF. C is the Gibbs energy of formation of

All crystalline phases have defined lattice sites for the a fictitious fcc phase with all interstitial sites filled

atoms. In many cases the lattice sites have different WiLh carbon i.e. an fcc carbide.

coordination numbers and the distances to all nearest
neighbours may not be constant. If there are different The excess Gibbs energy, restricted to a single

types of sites one should use this fact in modelling the interaction term, can be written

thermodynamic properties of the phase. When using EG
sublattices it is convenient to introduce a special = Yvyc1 v,, c
fraction variable, called the site fraction, which gives

the fraction of each component on each sublattice. The As the substitutional sublattice is completely filled with

sum of the site fractions on each sublattice is thus unity. Fe the site fraction of Fe is unity and has been omitted.
The relation bet.een the site fractious, y' and the mole

The basic Gibbs energy expression for case with several fractions is

sublattices is I
XF --- -

G,, =XP1 Y)" G + RT~a~,yln(y") + EG. ...27
8 1 Y, ...31

where I is a "constituent array" specifying one Xc-

constituent in -ach sublattice and Y is a matrix with all l+Y.

constituent fractions. 'G, is the Gibbs energy of In the Fe-C system there is no fcc carbide but there are

formation of a compound with the constituents given by many carbides with an fcc structure for example TiC

I. a is the (relative) number of sites on snblattice s and and VC. In these phases the stoichiometric deviation is

y' is the fraction of constituent i on sublattice s. EG is large towards the metal but it is usually very restricted

the excess Gibbs energy. The term P,(Y) is the product towards carbon as shown in Fig. 10 for Ti-C. In order to

of the site fractions of the constituents given by I, one demonstrate the effect of the restricted solubility due to

from each sublattice, the interstitial sublattice the Gibbs energy curves at
1500 K for the same system is shown in Fig. 11. The

P11y)= ily, ... 28 ration between interstitial sites and substitutional sites
Slyfor the hcp phase is 0.5, for the fcc l and for the bcc 3.

The excess Gibbs energy, FG,, consists of terms with two

or more site fractions from the same sublattice and is

thus similar to the excess Gibbs energy for a regular 350C . -

solution model.
3000

The relation between the mole fraction and the site /

fractions are, assuming that each component enters

only one sublattice and tknt ihere are no va.7ancies, ;

a.

Sublattices have been used successfully to describe a 1000
number of diffrent systems like interstitial solutions.

interm etallic compounds, chemical ordering and oxides, 5 10

Sulblattires for interstitial atoms l0 '0 10erc60 80 10

As an example of an interstitial solutions one may take Fig. 10. The phase diagram for Ti-C showing the wide

for example C in fcc-Fe. In such a case one sublattice composition range of the fcc-carbide, modelled with a

represent the substitutional sites for Fe and one the sublattice model.

interstitial sites for C. As most of the interstitial sites

are vacant it is convenient to introduce a new

component, vacancies denoted Va. in order to simplify It will lead to a less good description of the entropy of

the mathematical expressions. At the same time it is mixing for the phase if one ignores the fact that a phase

required that the vacancies have their chemical has sublattices and this error will lead to more

potental equal to zero and thus one does not violate the complicated excess Gibbs energy expressions. One

Gibbs phase rail, reason why the sublattice model is not used more

frequently is that it may not be obvious how to
The G;ibbs energy in this case is calculate the carbon potential using eq. 29. Therefore it

is appropriate to give the basic equation how to derive
t, = y..,~ (, :. y -. - the chemical potential for a phase with sublattices as

Iv.. ,I y . derived by Sundman and Agren (198:). One must first
RTry.,ln~y. + y.In,.) + 29 realize that one cannot calculate the chemical potential
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60 .sublattices there are in the crystalline structure. In
40 many cases it would be to complicated to use the full

structure so some of the sublattices may be treated as
20 identical.

0

20 /H 2C
20~ , /One unforseen complication with the use of sublattices
40 for multicomponent systems might be that one must
60 use the same sublattice model for the same phase in all
80,.. systems. Thus if one makes simplifications of the real

100 structure such simplifications must be valid in other
120 - ,-systems as well. A particular example of this is the a
140 phase. a phases appears in systems with bcc elements
160 . .. (A atoms) like Cr, Mo, V and fcc elements (B atoms)

A 0 02 04 06 o08 10 like Fe, Ni, Co. The unit cell of the a phase has 30 sitesMole iraction C divided on five sublattices. The first sublattice has two

Fig. 11. The Gibbs energy curves for various phases in sites, the second four an . the following three have eight
the Ti-C system at 1500 K Note that the sublattice sites each. The first sublattice is predominantly filled
model ends at 1/3 for the hep phase because there is 0.5 with B type atoms, the second with A type atoms, the
interstitial site per metallic site. The fcc phe tds at third with B type atoms and the last two A and B are
0.t and the bcc phase ends at 0.75. usually mixed. Thus three sublattices are sufficient for

the modelling

for the components directly from eq. 27, but only for the (B) 1o(A)4 (A,B)16
constituent arrays, I. For any constituent array I we
have the following chemical potential However, there are some c phases where this

aG bdistinction is not so strong and in order to be able to
G =G + - 1y .- .32 handle such systems the following model has been

i oyi - j (yi adopted
Inserting eq. 29 we get for the Fe-C system

oG ;)G+ aG, (B),(A)4(AB),,

-y. YVv -d YcYs Other intermetallic phases like g, R and Laves phases

= G aG +G ... 33 can be treated accordingly. A system with many
G-e:C G+ -. -y intermetallic phases is the Fe-Mo system and the

y Yayv - YIy calculated phase diagram from an assessment by A.
At equilibrium we also have Fernandez Guillermet (1982) is shown in Fig 12.

GFe.:Va = GF + GVa ... 34a Sublattices are also very important in

metal-nonmetallic compounds like oxides and
GF":1 = G, + G- ...34b sulphides. In some cases these phases have

considerable compositional variation. In Fig 13 the
As G, is zero one may subtract eqs. 34a and 34b which
gives after some rearrangement

G, = GF: r - GF!Va. 35 2.800.

2600
Inserting eq. 33 we get 2400

( G ,.2200
G, =

1800 L

°G0 :r - GF.:Va + Rln( + (y ,- Y,)Iva: -  
1600

YV. E, 1400
It is straightforward to generalize to more sublattices 1 - -

and components starting from eq. 32 and generalizing 0o 00
eq. 34.

0 20 40 60 80 100

Sublattices for intermetallic phases Mole Perce40 l M

Phases with restricted solubilities are often found in
alloy system. In the extreme case there is no solubility Fig. 12. The phase diagram for Fe-Mo showing
and the phase can be treated as a compound. But if the several intermetallic phases modelled with the
solubility is significant one should determine which sublattice model.
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wiistite phase region from the Fe-O system is shown. interactions are negative in an fcc phase there will
This has been modelled using a two-sublattice model always be a transition between a state with a long
with the following constituents range order (lro) and a disordered state, usually with

some short range order (sro). The Iro state can be
(Fe +2 , Fe8 3 , Va )1 (O-2)1 modelled with the sublattice model for example the bcc

phase in Fe-Si system as shown in Fig. 15 where the
At higher oxygen potential the fraction of Fe+3  B2/A2 transition is shown as a dashed line.
increases in the wtistite. In order to maintain
electroneutrality one must at the same time increase The treatment of lro ordering presented by Bragg and
the number of vacant sites on the sublattice. The Williams (1934) was identi.al to a sublattice model
constitutional triangle for this system is shown in Fig although they used an ordering parameter as
14. The line in the triangle represent the neutral independent variable.
combination of Fee3 and Va.

1600 P - L . . .

1500

500 - 1400

1400 *. - 300 BI,2

'300 , 20

S1100 ,'.

- ,1 1000

007 900

900 800,

800 700.
.o0 .. 1 oo . 600 /

A 0 5 10 15 20 25 30 35 4'0 4 5 50
9. 00 700 .

mote Fraction Si

50 51 52 53 54 55 Fig. 15. The phase diagram for Fe-Si with the second
Mole Percent 0 order transition from A2 to B2 for BCC shown as

Fig. 13. The Wustite phase field in the Fe-O system a dashed line.

where the wiistite has beenlmodelled with two
sublattices, one with oxygen ions and on with Fe8 2  Quasichemjl models
Fe"3 and Va.

Systems with a strong negative interaction has a
0 tendency for ordering i.e. unlike atoms like to be

09 . together. This has a significant influence on the
08 entropy of mixing and the assumption of random

0 " , diotribution is no longer very good. Even without Iro
the negative interaction has a considerable influence on
the sro contribution to the Gibbs energy for the phase.

A correction of the entropy of mixing called the
quasichemical model was first suggested by Bethe

0 0(1935). In this model one assumes that the bonds
4 06 08.... .between A and B atoms are distributed randomly. The'10 02 04 06 08 1 O

ste tr tic,on Va bonds are related by a simple chemical reaction
formula with a Gibbs energy of reaction

Fig. 14. The constitutional triangle for the wustite
phase. Note that only the line 'from FeO to Fe2 0 3  A-A + B-B = 2 A-B AGAB ...37
represent neutral combinations of Fe +3 and Va.

This gives the following Gibbs energy expression

G ASGs + RTYln(yvu) +ysnys
Sublattices for long range order G, = y AG + RT yAAAA + y,,niy 5 ) +

y~lny ) yB~n~ys)) .. 38
A final case where sublattices are useful is to describe , + y,,n(y,,))

chemical ordering. There is a significant difference where yAB = Y5 A. The mass balance conditions requires
between phases with sublattices of different types for that the mole fractions of A and B are given by
example Y, and phases with ordering transformations
for example fcc Au-Cu. The reason is that the o phase XA = yA + yA
the sites have different coordination numbers wheras ... 39
the sites in the fcc phase are equivalent. If the x;= yBA+y8
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Eq. 38 can be generalized by introducing the number of 0

bonds per atoms, z, but that is not important in this s00
case. It is easily recognized that eq. 38 is identical to 1
the Gibbs energy expression of a gas phase with AA, 1
BB, BA and AB molecules (the Gibbs energy of E 15oo0

formation of AB and BA molecules are the same). In a f0E
gas phase the molecules are independent but in a EP 2000 ..

crystalline phase the nearest neighbours to a site must 2500
agree what atoms are placed in each site. In order to -
correct for the overestimation of the entropy in eq. 38 - AcvM

the following expression have been suggested -3500

Gm = YABAGAB + RT(y,ln(yA) + yBsln(y5 s) + y~ln(yAB) A 0 0 02 0.3 04 05
Mole fraction 8

+ YSAIn(yB,)) - RT(xAln(xA) +xeln(xB)) ...40 Fig. 16. The Gibbs energy for three different models
Even with this correction eq. 40 is valid only when the using the same nearest neighbour bond energy.
Eveoth thie orreion eqa. 40wever, i .vd oy w nhe The regular solution model with just one interaction term

important property, if AGl ls zero then there should be is the highest curve. If one attempts to describe short
nmo rtand pe y 40 Ghould berontia ton ieal shode range order by introducing associates, in this case the
no sro and eq. 40 should be identical to an ideal model. three associates A3B , A2B2. AB 3 was assumed, the

bottom curve is obtaind as the associates increase the
2 entropy of mixing. Fially, if one corrects the entropy

YA = XA of mixing by considering that the associates will share
corners and edges in the crystalline lattice one

YAS = YSA = XAXB ... 41 obtains the cluster variation method (CVM) and this
Y = ~ is given by the intermediate curve.

1o 0 Monte Carlo
- -. .CVM (sro and Iro)

By inserting eq. 41 in eq. 40 we find that this becomes 09 , At CVM(sro) BW(Iro)
identical to eq. 17. oa-

0.7-

Cluster Variation Method a 0 / 2 Lij

A more elaborate model for ordering, called the cluster 0 04- j 4
variation method (CVM), has been developed by 03 -4 / i\F
Kikuchi (1951). In this model one not only takes 0 o Lcr 02

pairwise bonds into account but also "clusters" with ' /
three, four, five and more atoms. Each of these clusters 0 - - ,
will have a Gibbs energy of formation from the number 0 ..
of AB bonds it contains. And the entropy expression has 01 0.2 0.3 0 4 05Mole Fraction B

a correction term in order to take into account the fact
that the clusters share surfaces, edges and corners. Fig. 17. This figure is a prototype phase diagram for an

fcc phase with ordering. The dashed lines have been
Indeed this model may seem very far from a model for a calculated using the CVM tetrahedron approximation
gas with molecules but actually it is not so. In Fig. 16 for both the disordered phase and the ordered. The full

The Gibbs energy curves for three possible models for lines show a calculation using CVM for the disordered
an ordered system is shown. The upper curve is for an phase and the sublattice model for the ordered phases.

ideal model with only the components A and B. The Finally the tie-lines are from a Monte-Carlo calculation

bottom curve is for an "associate" model or gas with the by Binder.
five clusters A 4 1 A3B. A2B2 , AB 3 and B 4. The
intermediate curve is for a tetrahedron approximation Dilute models
of the CVM model with the same five clusters.

If the Gibbs energy curves are not very different the The first application of thermodynamic calculatiuns in

entropy curves may be. In Fig. 17 calculations of a metallurgy was made at a time when all calculations

prototype phase diagram for an fcc phase with L1 2 and had to be made by pen and paper. At that time one

Lln ordering is shown using three different models and could only handle dilute solutions and stoichiometric

the same nearest neighbour bond energy, from a paper compounds and a number of simplified models as

by Sundman and Mohri (1990). It is very difficult to proposed, the most well known in metallurgy by

obtain the same diagram using only the sublattice Wagner (1952). In this c-model the activity coefficient of
a solute is assumed to be linearly dependent on its

m odel because this m odel ignores the short range order concentrations whereasothe solventyis eassumed to obe
concentration whereas the solvent is assumed to obey

contribution and thus underestimates the stability of Roults law.
the disordered phase.
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Such a model may account for experimental
information in the dilute range but the model is

actually thermodynamically inconsistent as it violates GAaDd-

the Gibbs-Duheim relation. Therefore one should not

use such models in computer software for
thermodynamic calculations, and in particular so when

Bale and Pelton (1986) and Hillert (1986) have

developed a method to incorporate the E parameters

into a regular solution model which actually extends !C -Gb-d

the composition range for which they can be applied. *GACc ;S,

Following Hillert the transformation is given by

'G= RT y7 + 0.5 RT 1  ...42

L =-0.5 RT, ...43

L =RT -0.5 1 1 +r)) ...44
Fig. 18. The refG m surface for a reciprocal system

where 1 denotes the solvent and i and j solute atoms. showing the relation between the reciprocal energy,

Note that the terms CGl are dependent upon theshwnterlainbwenheecpoleegyNotetha th ters ° i ae dpendnt pontheAG and the four corner compounds. In general the

solvent. The parameters in eqs. 42-44 can be used in a

substitutional regular solution model according to eq. surface will be curved.

18.

Sublattice models for the liquid C  Nc .45

N0/c + N0 /d

Most liquids can be described fairly well with the where a, b, c and d are the valences of A, B, C and D

substitutional regular solution model. However, in respectively. However, the use of equivalent fractions

some cases sro is significant and this has lead to the has the drawback that it is impossible to extend the

use of the associate model in some systems. model to systems with neutral constituents. Therefore
another model have been developed which can be

In the liquid phase there are no sites like in a extended both to systems with only cations (i.e. metallic

crystalline phase and thus the use of sublattice for systems) and also to the non-metallic liquids, for

liquids may seem artificial. However, already in 1945 example liquid sulphur. This model is called the ionic

Temkmn (1945) showed that molten salts could be two-sublattice liquid model (Hillert et al, 1985) and it

successfully described using a two-sublattice model uses site-fractions as constituent variables. In order to

with cations mixing on one set of sites and anions on handle a liquid with only cations, i.e. metallic liquids,

another. In accordance with experience a liquid hypothetical vacancies are introduced on the anion

dominated by one cation and one anion would have very sublattice and in order to extend the model to

low entropy of mixing accordmn5 to this model. The non-metallic systems one introduces neutral species on

alternative model would be to assume that t ions the anion sublattice. The model can be written as

formed "associates" in the liquid.

(C ) (Av',Va,B0 )
In particular when mixing four salts, A. , BC b.  P iQ

B RAI we obtain a reciprocal system as shown in Fig. 18, where each pair of parentheses surround a sublattice. C

taken from Hillert and Staffanson (1970), with A and B represents cations, A anions, Va hypothetical vacancies

in the first sublattice and C and D on the second. and B neutrals. The charge of an ion is denoted vi and
the index i is used to denote a specific constituent. The

(A' '.B 'ki C'".D superscript vi on cations and anions as well as 0 for the
neutrals will not be in,'uded in the following text. The

If all ions have the same valence the Gibbs energy number of sites on the sublattices, P and Q, must vary

expression for this liquid is identical to that for a with the composition in order to maintain

crystalline two-sublattice model. However, if the electroneutrality. The values of P and Q are calculated

valences of the cations or anions are not equal one miust from the tollowing equations

find some method to maintain electroneutrality in this

liquid. one method i.; to use equivalent fractions defined P = 2(-vd)y" + Qy, ... 46
by

NAa Q = Yv.y, ., 47
N A/ + N9b where y denotes the site fraction of a constituent. P and

Q are simply the average charge on the opposite
sublattice. The hypothetical vacancies have an induced

charge equal to Q.
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The ordinary mole fractions can be calculated from the
site fractions in the following way for the components 1400
which behave like cations 1300. S FCA t

Xc P+ Q(I"v) ..8£1o x10
and for the components which behave like anions or

neutrals 100

X = ------ .49 I

P + Q(l-yv,) 800

where D is used to denote any constituent on the anion 700 2- .4 . . 1

sublattice. Eq. 49 cannot be applied to vacancies, Weigh t Percent C
however, because the mole fraction of vacancies is zero
of course. Fig. 19. A phase diagram for a multicomponent steel.

The aim of the modelling I described in this paper is
The integral Gibbs energy expression for this model is to be able to make extrapolations into higher order

system in order to predict the properties there. The
GmXyc~IyA°GCI.Aj + Qy,.Y~yc, 0 G, + Q y8 GB + curves are "zero phase fraction" lines and the digit

i j "on the curve indicate the phase that is stable with
zero fraction along the curve.

RT( Pyy ln(yc ) + Q(Y-YA ln(YA1 ) +
1 1

Yvaln(Yva) + i y Iln(y 5 ) ) ) + G. ...50

where °Gc,:A, is the Gibbs energy of formation per Final remarks
(vi+(-v.)) moles of atoms of liquid CA. °GC and G

are the Gibbs energies of formation per mole of atoms of A large number of thermodynamic models have been

liquid Ci and B i respectively. The factor Q in front of developed for alloys and related systems. However, on
closer inspection most of these models are very similar

the second and third sum comes frGm the variation of with some minor differences. It thus seems possible
the number of sites with the composition. Note that G. that in the not to distant future the number of models
in eq. 50 is defined for P + Q(1-yv,) moles of atoms. The used will be quite small which will improve the

term multiplied with RT is the ideal entropy of mixing cooperation towards a generally applicablethermochemical database.
and 'G. is the excess Gibbs energy.

Eq. 50 may look formidable in its complexity and one The importance of such a database is clearly evident if
may wonder if simpler models cannot be equally useful. one knows what is currently possible even with a very
mays wr m ifspler mols cnt beus eqallyusefue limited database. With the use of phase diagrams like
This criticism misses its point because eq. 50 is the thiopesowinFg19fratelihegt

general multicomponent expression and this model is the isoplet shown in Fig. 19 for a steel with eight

indeed identical to simpler models in many special component, it is possible to de. cup new materials with

cases. The great advantage with eq. 50 is that it allows better properties and at a lower cost.

a continuous description of a liquid which changes in
character with composition. Eq. 50 has successfully References
been used to describe oxide liquids, silicates, sulphides
as well as liquid short range order, molten saiis and I. Ansara and B. Sundman (1987): CODATA Report
ordinary metallic liquids. "Computer Handeling and Dissemination of Data", 154

A remarkable feature of eq. 50 is that is becomesideticl o te asoiatd mde fo soe erysimle I. Barin and 0. Knacke (1973): "Thermochemicalidentical to the associated model for some very simple Properties of Inorganic Substances", Springer-Verlag,
systems, for exa-ple the Cu-S system with a Cu 2S Berlin
associate. The assumptions behind the associate model
and the ionic liquid model are very different and this
shows clearly that one cannot make any statement
about the true nature of a system just because a W. L. Bragg and E. J. Williams (1934): Proc. Royai Soc.
mathematical model, based on some physical picture of A145, 69
the system, gives good result. It may be possible that
another physical picture of the system will yield exactly A. Dinsdale (1989): NPL Report DMA(A)195
the same mathematical model.
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NEW AND OLD TOOLS IN MARTENSITIC TRANSFORMATION STUDIES

A. Amengual(+), V. Torra(+), A. Isalgu6(*), F. Marco(*)

()Dep. Fisica Aplicada U.P.C. Diagonal 649, 08028 Barcelona (Spain)
()Dep. Fisica Univ. Illes Balears, 07071 Palma Mallorca (Spain

We have doveloped a high resolution thermal analysis set-up that allows the accurate
control and programmation of the temperature within a working space. In our experimental
system, with a sample of less than 2 g in mass, it enables us to work cycling with a resolu-
tion and reproducibility about 0.005 K. The maximum amplitude used is near 70 K. The system
has been built in a very simple way and the working domain lies around the room temperature.
This controlled system has been applied to the study of the evolution of the martensitic tran
sformation in Cu-based shano memory alloys. The available measurements are:
a) Acoustic emissiun (A.E.) observation. b) optical microscopy (until 700x) and simultaneous
video recording for flurther study (260-360 K). c) Resistance changes with a resolution near
O.1 for resistance values of 1 milliohm. d) High resolution DSC (223-353 K). With suitable
signal processinq, it gives a resolution near 1 jpV equivalent to 3 jiW.
Multi-interface effects in resistance measurements (dependence of the resistance on both mass
and number of intertaces) heve been observed.

-1mt oduc t iorodortiron aind t-aining processes.

5hape memo, a I Ia' e "ec-y Di verse measurements can be done in
er't'rt"I nq hpecajse n f I ts I-, i be I . ordr to characterise the martensitic
'-nlgia pplicatiin- anI also b~ecause transformation. These i nc Ilude: optical

of basic scientific interest (5eR Delaey et microscopy (thermomicroscopy), to monitor

-0, l999 and reference-, thereini . The the interphacse positions and changes in
rhange In shape is otitained from a d imensions. Electron microscopy (GEM and/or

ma~O5trtranc.faorffAtiun wtia I i.;i, TI1) , with the same purpose, plus the
l-, hv-steresis In 'thermoelastic' processes. lIiI i t), to I Cnk a t thE crystallographic

str-Lirtirs and no t only t o mo.-p holo ag),.
T - -irncsitiF. transformation Is a Elect ic resistance (resistivity)

fits'-. ord,, Phase transformation between measurements, wh ich may give also an
-eitbephases and it-, hehaivinr is noc)t indication of the, degree of transformation

I de,,al. Thou-n are mny phennmena influencing achieved. Enthalpy changes, which give a
tlh- transformation: I) hrnelsiiy the change between different states of the

pntaneous transforma)tion in a rgi'-en sample -ample. Accoustic emission, which measures
free- does noC)t nrrou at a1 given th)e eIrjstencR of hurst-like processes in the

t- 1 "r Wt C neirsry VA cont inuous -,ample during the transformation.
Ia- a)iq~ (nPrhoa t Iuugj to f o ,C the

I I i - A:,3t Im)e (e pt ra,)-,f I Art I' (oI In)C o. These tech n Iqu es have different
Si u-t ailis-,ftI n: L'I e to dI tftu1s3,1'e sestviis rspect to the detection of a

r F--esse theP re Ia t ive s,,tab ilIity of the -ertain degree of transformation. Then, care
"a-es "-hange with ageing time in auto or should be tal-en into account when different

r ther phs. Th I -, e.n u ut i on dJEpends on -- 3surernnt - real ised with several
thrml trPatements:. Iii IIIpinninfg processes: tnrhnioes- are fo be compared. Our purpose
Thw p-rngrssn of the transformatin i-s, in -. i. :' 'I'J .- ic llows3 d Ifferent

gePneral non-cont inuous or hurost -I Ike' . The lcsroetst he performed together, in ,
posijtion rif the interphasp remains, stopped told w'a' In order to get a ll~jl better
In some points, -and then) a ;tiddrin evolutio rederstandiro c the transformation process
may fallow (hi.rst-typP t ransf or ma tio n) . In :n CLa-ba_-d hcip, memory alloys.

tuan-sfor-ming anid re-transforming, symmetric
t-hav iu APPF ars but, in loca 1 . -_E Ee imental 'et_-u

t-hsr va fIotion an as-symetrical behaviour Is,
ahern . ,iT width of the hysteresis T r- c- i mentalI set-up is a

Dt de Ppn-, 0tin thermomechanical tC-mrh o L con' >1 -)IIled c opper plIa te, on
t refat men t, vc acinrq tire and on deffects ~ih i in-sitpl to place the sample t o

'i etati fn tI n-Imp I,. hen~r.C e irctrisd(see fig. I
S~ r~tn i7~'ransidp-ed is relatively

The "'fu !"i"d phenomena are related to TAl I 1i) - 10 1 
7 5
cr 3mm - 1M) , in ordjer to

e0m':'- -diem> " 1otd )i appl icat ions: Of 'h tal In 'j" - resnose times in temperatu,

)Ie I'),-_ 'i- !y. it is goi to, I' f> - Is, a I mi t ing fact or),

ft if .)I -ft- elfu.dic ib le resul ts, -~ IrP .ih--- mperaitii e controlI and
fh eir " I' -iu tinr prcsssarai prndouribilI ty.

,e.fu,It. Io" sems stochastic).

Tn ' 50'ea , o aean accurate, Tie copper plate is, heated hr cooled

f bv t' i ylihvoi n h i se Of the Peltier effvct. The
t ,a f f ~a t Ie ircIilding complete temperature is controlled by a3 computer,

a reI .it, I - andf t,) have also a good wI th a Pt-lOO platinum r esis- t anc e
~wln I f 1- dineing offpcts after ttie rtesolijtiooi I mOhm). The tempe atone contr-ol
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is done by using the transfer function of

the system, together with a feed-back E
corection to account for room temperature F
changes during the measurements, as has been
described elsewhere (Amengual and Torra,
1989; Amengual et al, 1989). The resolution
and eprodtucibility of the temperature
eolu) io of the system are about 0.003 K.
This has made possible to note that
reproducibility in accoustic emission may be

cbserved with a very rigurous temperature
control (Amegual et al, 1987) , suggesting G
thdt pseudo-random behaviour may be induced
by non-reproducible external influences to B
-he eample and mixed effects with histeretic
nehaviou, of the sur face martensite.

The optical microscopy is easily
acomplished .ith the system shown in fig. I,
enabling, in the 

7
00x magnification, to

observe smal I cnanges in the amount of the
phases present in the martensitic transfor-
-atinn, (resolution in A x about I m).

We determine resistance changes better
than resistivity of a sample, because of
shape changes and non-homogeneity during the
"m;rtensitic transformation. We use the four-
oaint method with appropiate contacts. The
esistance of a standard sample (lenght 22 CD

,m, width 2 mm, thickness 0.3 mm) is about 1
'Ohm. The changes in resistance associated
- ith the transformation are near 10 I The
1-tensity applied is about 0.1 A, which
I -ad-, to an energy dissipation Oy Joule
effect of about 0.01 mW, nominally enabling
th- t'tI t , in af simu1ltaneous calorimetric

The re-;istence has been measured using

St a trat Iye methods (Amengual et al.

"G i: Th- first onre ur-sing an A/D heard in cg. l.- Experimental set-up used: A)
M .. . Cter and a numeric phase-sensitive thermal bath at room temperature. B) Brass

le. 'i -1,, wth a resolution near to 0.) . block. C) Peltier effect elements

-, ,warred resistance values. In the (heating/cooling). D) Platinum resistance
,nrr ithn rd, the cnmputer devoted to the thermometer, Pt-100. E) Supports. F) Working

~"f.e-a'- - ontrol also produces a area. at a programmed temperature T(t). G)
taj. itensity wave: It switches a Mechanical load (stress) applied to the

,, e tat'i changes the sense of the current sample. H) Sample.
,pplid to the sample by a stabilised To perform DSC, the sample is placed on one

mIr r , l tr iggers the measure of the of two thermobatteries connected in
I c, ., the sample and the curreot differential, both placed on the controlled

" 'i, q i OC), ,it , hv two digital mul timetoer temperature area.

obtained is near to the one obtained with convolution of this intensity fluctuations
the lower--cost procedure (using the A by using the initial calibration (obviously
board), but the temperature control can be temperature dependent. After this
better with a careful synchronism of the correction and the corresponding to the ones
Processes and the temperature rate is induced by the fact that the sensitivity of
Irreased. the thermoelements depends on temperature,

the uncertainty in the base line is
Th, n)r aal/sis is obtained by means estimated to be +0.001 mV which corresponds

o~ two plates of thermoelements MELCOR with to an amount of heat power released in the
I cmsor of area , onEr ted in uifferential . rampIe area around 0.003 oW. This is one
rue to the imperfect differentiability of order of magnitude better than the

the System, the temperature program gives a resolution of standard DSC analyzers (see
continuous change in the base line. Also, for instance, Perkin Elmer, Setaram wnd
the intensity fluctuations in the others)
thermoelements heating/cooling the copper
hase induce predi.tible fluctuations in the 3.-Results
output. The effect of the fiuctuations in

th intensity in the thermoelements can be As an example, let us consider the
'emoved by substracting the result of the results obtained regarding to optical
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'Icrosccpy anid soimutaneous r esI StanCe However, If we consider mul t i
-easurements. A monocrystalline sample of ..-trphase tr osformationS, the situation is

u 6. 7  
AI- 14.l n r (.eight %4) stress-free Tcr-e complicated and only mass-dependent in

a-d with, a slI.qhtly stabilished, monovariant the statistical -ens;e. In fig. (3) we show
-vt st' pato, wa., ther-mally cycled with + r' evoljt Ion r) the~ r es i t anc I- and

Iff eren t :ij ln Ituidt-, recor-ding both the temperature with time for a sample with the
ti- s .nweau the i.inage (dmnins same composition than the previous one. The

2the mrtensite plate). In fig. (2) arc, sample is subjected to a small tensile
* -1 the re, I "t a)ce v er Sus temperature force, but by cooling a martensite plate

PA 2) and the martensite plate width p rev inuslIy pre-eot grows, interacting with
711 t emppra t -,r 0 fig. 28) . Temperature two self-accomodated microplates, and tho-n

I ltudes 11e klh V and 0.30 K. Prom fig. g~owing to form two martensite plates linked
it ,3, LFra concluded that, in single hy the microplate (fig. 4) . As can be seen

ph~nin ariant trnsformation the froim the resistance evolution from cycle to
in ' neItance i? I' S tiIct Iy cYClef, the transformation produces a very

1'fl~ 11 t'. t h impnti Of ma tpr Ial cnmnle-x pattern of the resistance behaviour.

2.3.04.

a;

2.320- .1

2. 300

ri1g. 2 c. L .S -

a function o)f ti 1 47- cnmt'
2.210- trcans1-forma t ion.

a b

20. 1ig. 1.4~ hem at ep c rP-n at 1o f the
morphology in the t ansfo cationt

cor respond ing to the resitance values of

S5. f iq . t.: in first place (a), one matensite
Plate grow-,. Then, t.0slannn5tn

variants of martensite intercept the first
plate (h), stopping the growth process.

0. Finally,(c),the martensite continues growing,

+ Io,3 iqg 5c bpta-mar tens ite inter-phases.-

19.11 19.24 iS.37 9:0 19:6S TCG)

2. .i) .- ,iztne ,eu s tePmpe r aIturec - I. -oo uins

;) d s> m 3nnrat Ma tensi tic W- have developed a system that al lows
* - P1 the accurate control and programmation of

II-3 u-It f' ',, isme pi oir- tH-e temperature within a workong spare to
'I3tuidy transformation cycles in shape memor y

aloI ys'.
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From this experimental set-up we haive
obtained results concerninq multi-interphace
'?ffects in- resistance measurements
(dependence of the resistance on both mass

a nd number nf interfaces). Other
possibilities appear in the high resolution
thermal a'-,lysis: studies of transformation
temperatures vs. time by ordering processor.,
defects production by cycling, intrinsic
parameters studies (thermoelasticity in
stress free processes) and the evolution of
time scales with annealing in beta or
martensite phases.
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ELECTROCHEMICAL EXPERIMENTS WITH COMPOSITE ELECTROLYTES

C.B. Alcock
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Abstract
Following the review of solid electrolyte studies presented Prof. Pratt at the Vienna meeting, the present state of the art

simple galvanic systems is briefly reviewed. It can be seen there are a number of shortcomings in the technique involving
a composite of solid electrolyte with a son dispersed phase wich enlarges the scope of the method is present. Examples are
drawn from studies with stable oxides, sulphid carbides and hydrides.

Introduction Cu/Cu 2S/CaS I CaF I Fe/FeS/CaS

At the Vienna meeting, Prof. J. Pratt

presented a comprehensive review of solid In this cell the sulphur potential in each

electrolyte systems which showed the electrode establishes a calcium potential

potential for the determination of alloy due to the presentce of an admixture of

thermodynamics using galvanic cells calcium sulphide, and the resulting calcium

incorporating electrolytes in the solid potential gradient between the electrodes

statm. Two alternative approaches which have establishes a fluorine potential gradient

been successfully applied are typified by across the CaF 2 electrolyte in which the

the pioneering work of Rapp and Maak (l) who fluoride ;on has unit transport number.

used a zirconia electrolyte Jacob, Iwase and Waseda (4) extended

this principle by using a sodium

Ni/NiO I Zr0. 85Ca 01°2 1 Cu-Ni/NiO ion-conducting electrolyte 0 alumina for the

measurement of a sulphur potential gradient.

and Aronson (2) who used a fluoride They used the cell

electrolyte
pH 2S/pH2/Na 2S I NaI-AI203 1 Na 2S/p'H2S/p'H2

Th/ThF CaF2 f ThF /ThC /C
in which the sulphur potential gradient

The first cell measures an oxygen potential imposed a corresponding sodium potential

gradient, which in turn is related to the gradient because of the presence of sodium

nickel chemical potential gradient. The sulphide at each electrode interface with

second cell measures a fluorine potential the electrolyte.

gradient which is inversely related to the Finally, these same authors (5) used a

thorium potential gradient.. Since the two-phase mixture of CaS and ZrO2(CaO) as

carbon activity in the right hand electrode the electrolyte between two gaseous mixtures

is unity, the results may be used to measure with fixed sulphur potentials thus

the Gibbs energy of formation of thorium

dicarbide. Ar/H /H2S I CaS+ZrO2 (CaO) I Ar'/H2 '/H 2S'

Extensive use of the fluoride

electrolyte has been made in a number of In each case the electrochemical circuit was

other directions such as that used by completed via platinum contacts.

Worrell (31 to measure the stabilities of There are a number of experimental

sulphides, as typified by the cell. difficulties associated with these schemes
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The solid solutions formed by alkaline

for electrochemical measurement, amongst Th halid suhoas fo-Fd b r aF

which must be numbered: (1) The appearance a2 3 2a 3
have considerably higher electrical

of d significant electon transport in

conductivities than the corresponding purestabilized zirconia at low oxygen
fluorides. In electrochemical cells based on

potentials. Thus for systems as stable as the SrF -LaF electrolyte it has been found

Mn/MnO, it is necessary to use thoria-based 2 3that the achievement of a steady potential

electrolytes. These are not popular 
nowadays

in an electrochemical cell incorporating

because of the radioactive hazard associated this material was much more rapid than when

with the use of thorium. Also these latter
the pure fluoride was used. This electrolyte

have a lower conductivity than the
has formed the basis of the studies which

corresponding zirconia-based electrolytes, are now presented.
and can only be used at low temperatures

(less than about 500C) with liquid Experimental Procedures
electrodes. (2) Th, use of zirconia as a The preparation of polycrystalline
base for any other ionic specio- measurement SrF -LaF solid solutions must be made under
than oxygen, presents the electron 2 3

conductivity problem again. Despite the glove-box conditions because or the

ingenious solution to the problem presented hygroscopic nature of these fluorides. In

order to avoid the formation of surface
by Jacob et al., who used a secondary point oxides due to hydrolysis by moisture in the

elctrode with a catalytically active tip to

avoid the effects of the oxygen atom flux a ithe fluoride mixture before pressing into

through the electrolyte resulting from the

pellet form and firing. The decomposition of
low oxygen potential, it is desirable to the ammonium bifluoride leads to the

find an alternative approach. evolution of HF gas during the firing

One othur use of fluoride electrolytes procedure, and hence fluorination Uf

which should be mentioned here, is the contaminating oxides is achieved during

application of a 23F /OaC " mixture by fabrication. After firing at temperatures

Collters and Belton (6) who measured the around 1100-12000 C, the material becomes

stabilities of chromium carbides with cells quite insensitive to moisture in pellet

such as: form. This observation does not preclude the

possibility that a very thin layer of oxide
Cr/Cr":C BaFBaC. I Cr 3 C6 /Cr7C3  forms over the surface of the pellet

immediately on removal from the furnace. In
in which a carbon potential gradient in the the present stuies a two phase mixture was

electrodes establishes a barium potential prepared by adding either strontium or

gradient in the electolyte, and hence the lanthanum oxides to the fluoride solid

inversely related fluorine potential solution in order to use this dispersed

gra itent. mixture as an oxygen-sensing electrolyte.

From the examples given above it will This dispersed phase does not significantly

be clear that the fluoride electrolytes hold change the electrochemical or conduction

promise for a wide range of application in properties of the electrolyte, unkike a

high temperature thermodynamics. It is also dispersed phase of Al203 ' Which is known to

clear from t-hose studies that the technique enhance the conductivity of CaF (7). In
2

of imposing an alkaline earth potential this instance it serves to fix the strontium

gradient or a fluorine potential gradient by or lanthanum activity and hence fluorine,

means of external electrodes produces cells potential gradient across the electrolyte

which reach a steady potential only over a when it is in contact with electrodes which

bonc period of time, in some instances in turn impress an oxygen potential gradient

several days. as in the cell
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practical application the meter must be
Cu/Cu20 1 SrF2-LaF 3,SrO I Ni/NiO rugged, and this was achieved by the use of

thin-walled iron chambers to contain the
This electrolyte funtions as well as reference electrode and electrolyte

stabil'zed zirconia as the electrolyte in assemblies. Rapid chemical equilibrium for

oxygen galvanic cells, and has been used hydrogen potentials was obtained by
with liquid electrodes down to 300°C, as in diffusion of hydrogen through these iron

the cell containers. The cell construction could be

described as

In(l)/In 0 I SrF.-LaF3 ,SrO I Sn(l)/SnO2

Na(H) I Fe I CaCl2-CaH2 1 Li/LiH
for which EMFs have been obtained in

agreement with those calculated from Finally, a carbon sensing composite

thermochemical data. In fact, Japanese electrolyte has been prepared with a

workers have recently demostrated that LaF3 dispersion of LaC 2 in the fluoride base

sigle crystal can be used to measure the electrolyte, and this is best sintered in

oxygen content of water at room temperature the composite pellet form surrounded by a

(8). layer of powder of the same composition to

After tiring the electrolyte maintain the carbide dispersion.

incorporat2ing Sr or La 0 the pellets In all of these composite electrolytes

should be stored in a vacuum desiccator, but except the hydrogen electrolyte, the base

this is not so critical as with other electrolyte was chosen to be 0 mole % SrF2
dispersed phases. The dispersed sulphide, 30 mole % LaF., as this was found to have

SrS, which converts the SrF -LaF the maximum conductivity in the solid

electrolyte into a sulphur potential sensor solution range which extends up to at least

was difficult to use satisfactorily until it 50 mole % LaF 3. The dispersed phase was

was realized that after firing, the sulphide usually present to the extent of 3-10 mole

particles at the surface of the commposite %. This prevents dispersoid-dispersoid

electrolyte were hydrolyzed to yield a layer contacts, and hence the intrinsic conduction

of oxide on the surface. When the fired properties of the dispersoid does not affect

SrF -LaF , SrS pellet was heated in a sealed the conduction path of fluoride ions in the

quartz ampoule with a mixture of Ag, Ag2S to electrolyte.

re-convert any superficial oxide to

sulphide, and subsequently stored in a RESULTS AND DISCUSSION

desiccator, no difficulties were

encountered. The Oxygen-Sensing System

A hydrogen sensign electrolyte has been The use of oxide-dispersed fluoride

described which is similar in operation to composite electrolytes can only be justifed

the fluoride systems described above by if it can be shown that there is an

Gnanasekaran et al (9). This electrolyte was experimental advantage over the

used to n-nitor hydrogen dissolved in liquid well-established zirconia electrolyte. This

sodium, and uses a Li/LiH reference advantage should be looked for either in the

electrode. The CaCl 2-CaH 2 system has a realm of lower temperature of operation, or

crystal structure in which hydrogen and in lower oxygen potential application. As

chloride ions occur in alternate layers, and far as the first criterion is concerned,

has a hydrogen ion transport number close to there appears to be little advantage over

unity. The hydrogen meter which was zirconia, since it appears that the sluggish

constructed using this electrolyte response of cells incorporating this

"- 4500C in liquid sodium fo- two electrolyte at low temperatures, i.e. below

to three months continuously. For such a 5000t, is usually uue to kin#..ic barriers at
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the electrode/electrolyte interface(s), and from literature data, but, at the higher

not due to the performance of the sulphur potential generated by the Ag/Ag2 S

electrolyte. However, at the low oxygen system, there was evidence of
potential range there are distinct short-circuiting after a few hours of
advantages over zirconia. The electronic operation at the highest temperatures due to
properties of the dispersed oxide phase do vapour-pnase transport from one electrode to

not affect the performance because of the the other. The use of a two compartment cell
lack of continuity in the dispersoid. The incorportaing an electrolyte plug in an

fluorides are amongst the most stable alumina tube, would seem preferable for
fluorides and should thus be unaffected by a cells with high sulphur potential

low oxygen potential. electrodes.

As an initial test of this analysis, Unfortunalely the sulphur-sensing

the EMF of the Cell electrolyte cannot be tested satisfactorily

at low sulphur potentials because of the
Cr/Cr203 SrF -LaF ,SrO I NbO/NbO absenr nf -cZurat2 data fr.r -ther sourcp

with which to compare. This is principally
was measured and found to yield acceptable because the H 2/H 2S gas-solid equilibrium

values in the temperature range 600-9000 C. technique can only be extended to partial

This contrasts with the values of Hoch, Iser pressures of H S down to about 10-6 atmos.2
and Nelken (10) which gave low EMFs because Below these sulphur potentials the

of semiconduction in the cell dissociation pressure of sulphur vapour is

too low to measure by mass spectrometer, for

Nb/NbO I ZrO2-CaO I NbO/NbO2 example, unless the temperature is very

high. Ther- appears to be a large
The cell used by Steele, employing a opportunity to exploit this new technique in

ThO 2-Y203 electrolyte (11) gave accurate the study of stable sulphides.

EMFs but only above 850CC for the cell

The Hydrogen-Sensing System
NbO/NbO2 1 hO2 -Y203 1 Fe/FeO The example given above of a hydrogen

meter for liquid sodium suggests that high
In this case the fluoride composite has temperature hydrogen sensors based on other

advantage both from the temperature and halide electrolytes could be developed.
oxygen potential point of view. Preliminary Apart from the measurement of the
results indicate that this electrolyte may stabilities of metal hydrides, which this
be used successfully in the cell technique makes possible, the measurements

of hydrogen solubilities in metal alloys
Al/Ala SrF2-LaF 3 Nb/Nba might be valuable in connection with the

Fermi surface variation with composition

which would make a wide new range of studies (12). This technique can also be applied in

possible in, for example, the Ti-O,Zr-O the measurement of integral Gibbs energies

systems at the metal-rich end. of formation of alloys (13).

The Sulphur-Sensing System The Carbon-Sensing System

The dispersion of SrS in the fluoride Experimental work is in hand at the

electrolyte has been tested with only a few Center for the measurement of carbon
electrodes. Those used include potential by means of the electrochemical

Ag/Ag 2S,Cu/Cu 2 S and Fe/FeS in the cells

temperature range 425-725'C. The cells

incorporating these electrodes displayed r I SrF -T2 Tr I v,/Mo C

i4,=Lit yooa agrement w±th those calculated 2
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C I SrF2-LaF , LaC 2 I Cr/Cr 23C II 2. S. Aronson, "Compounds of Interest in

Nuclear Reactor Technology", (Boulder,

Cr/Cr23C( I SrF2-LaF ,LaC 2 1 Mo/Mo2C III CO:AIME 1964) 1O, 247.

3. W.L. Worrell, Solid State Ionics, 3/4,

Clearly the IMF of cell III should be equal 559 (1981).

to the difference between those of cells I 4. K.T. Jacob, M. Iwase and Y. Waseda, Adv.

and II. Results are complete for cells I and Ceram. Mat., 1, 264 (1986).

II at the time of this discussion meeting, 5. K..T. Jacob, M. Iwase and Y. Waseda, J.

after overcoming a number of experimental App. Electrochem, 12, 55 (1982).

difficulties. In such carbide cells it is 6. R.G. Coltters and G.R. BelLoi, Met.

imperative that the oxygen partial pressure Trans., 15B, 517 (1984).

bc kept as low as possible so as to avoid 7. A. Khandar, V.B. Tare and J.B. Wagner,

carbnn transport in the vapour phase by the Jr., Rev. Chim. Mineral, 23, 274 (1986).

Roudouard r-i-i- 8. N. Yamazoe, J. Hisamoto, N. Miura and S.

Kuwata, Sensors and Actuators, _2, 415
C + CO 2 -- 2C02 - (1987).

9. V. Ganesan, T. Gnanasekaran, R.
which can move carbon from one electrode to Sridharan, G. Periaswami amd C.K.

the other. At the present time, the use of Mathews, Proc. 3rd It. Conf. on Liquid

titanium as a getter at 8000C for the argon Metal Engineering & Technology, British

stream which is to pass over the Nuclear Energy Society, Oxford (1984)

electrochemiral cell, seems to have achieved Vol. 1, p. 363.

this result. Tantalum foil mounted in the 10. M. Hoch, A.S. Iyer and J. Nelken, J.

cell was found to be unoxidized after a few Phys. Chem. Sc!ids, 21, 280 (1961).

days of cell operation. The cell EMF 11. B.C.H. Steele, Ph. D. Thesis, University

responds rapidly to temperature change and of London (1965).

thus the electrolyte holds promise as a 12 W. Himmler, Z. Physik Chem., 19S. 244,

carbon sensor. The complete results fnr the 253 (1950).

triad of cells shown above should be 13. LS. Darken, J. Amer. Chem. Soc., 72,

available for publication in the near 2909 (1950).

future.
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Abstract.-

The Gibbs free energy of formation of an "ideal" glassy
alloy relative to the stable crystalline phases at the same
temperature can be deduced by use of thermodynamic arguments.This
paper discusses the success of the Gibbs free energy of
formation curves of the glassy alloy as a function of composition
to describe the glass forming ability in the As2Se3-SC, Sb2Se3-Se
and As2Se3-Sb2Se3 systems.

1.- Introduction formation of a glassy alloy. The calculation
needs a model for the liquid solution and

Glasses of the As2Se3-Sb2Se3-Se system its transformation into a glassy alloy. We
have applications as photoconductive sensors will assume that the liquid phase is formed
and, in general, as semiconductor materials, by AsSe3/2 and/or Sb2Se3 complexes in
The study of the liquid structure and its thermodynamic equilibrium with the
influence in the metastable states to ;;hich (uncombined) As, Sb and Se atoms. The
the undercooled liquid will evolve gives assumption of the existence cf complexes is
further insight on the formation of glasses not new as it was already stated by Berkes
in this system. The liquid structure of the and Myers (1971). The equilibrium condition
elements and compounds is well known. Liquid leads to the following equations
Se can be described by an equilibrium
between polymeric chains and ring molecules 3/2
(Keezer and Bailey 1967). Liquid As2Se3 is XAsse3/2 K = X AsXSe
formed mostly by bidimensional grouping of
AsSe3/2 (Lucovsky 1969). Finally, liquid 2 3
Sb2Se3 contains associated complexes of x Sb2Se3 K = x SbX Se
Sb2Se3 (Satow 1978, Ghosh et al. 1989).

where xj are the molar fractions of the
As a part of our general work on the different species j (j=AsSe3/2. Sb2Se3, As,

study of the mechanisms responsible for Sb, Se) and Ki and K2 the ideal dissociation
glass-forming ability (GFA) and thermal equilibrium constants for the associated
stability of some chalcogenide melts, we liquid solutions.
report here on the Gibbs free energy of
formation of the glass or Gibbs free energy The values of these dissociation
difference between the "ideal" glass and the constants as well as of the interaction
stable crystalline phases at the isentropic parameters between the main especies have
temperature as a measure of the driving been adjusted in order to reproduce
force for eutectic crystallization correctly the experimental binary phase
(Clavaguera-Mora et al. 1989). The Gibbs diagrams. The heat capacity difference, ACp,
free energy of formation of an alloy glass between the liquid and the solid was
of any composition within the ternary system estimated from direct measurement of the
is calculated by taking into account the heat capacity jump at the glass transition
heat capacity difference between the liquid (Mahadevan et al. 1986). The thermodynamic
--i the crystalline element or compound. For input data used for the calculations, apart

the solid phasz we assume that there is no from ACp, are the melting point, T., and the
miscibility between Se, Az-_Fg and/or enthalpy of fusion, AH., of each crystalline
Sb2Se3. For the liquid phase we assume t.idt phase, reported in Table 1.
it can be treated as a strongly associated
regular (SAR) solution (Clavaguera-Mora and To calculate the Gibbs free energy of
Clavaguera 1982). The results obtained are formation of the alloy glass we assume that
correlated with the known glass forming the liquid alloy may exist in a metastable
region in the system. statp down to L.e ,sentropic tomperdture Ts

at which its entropy will be equal to that
2.- Thermodynamic approach of the 3table crystalline phases. At that

The goal of this study is to discuss temperature it will become an "ideal" glass
and make reasonable predictions of glass with a heat capacity equal to that of the

formation in a simple eutectic system by mixture of the stable crystalline phases
calculating the GibLs free energy of (Clavaguera-Mora and Clavaguera 1989).
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3.- Results Table I.- Enthalpies AH, and temperatures

We will present successively the T., of melting and heat capacity difference

results lf the calculations in the ACp, between the liquid and the solid.

As2Se3-Se, SbzSe3-Se and As2Se3-Sb2Se3
systems. AH T. ACp

3.1.- As2Se3-Se system (kJ/g.at) (F) (J/g.at)

The calculated phase diagram is shown
in the upper part of Fig. 1 together with Se 5.86 493 12.4 a

the experimental points (Dcmbovskii and AsbSe3 8.16 650 14.6
Luzhnaya 1964; Myers and Felty 1967).
Keeping the coordination numbers 3 for As Sb2Se3 10.75 888 12.0
and 2 for Se,the best fit is obtained taking
AsSe3/2 as the associated species for the
liquid solution with an ideal dissociation a: Clavaguera-Mora et al. (1990)
constant Ki=.00001 and an interaction b: Mahadevan et al. (1986)
parameter between the main species AsSe3/2
and Se of -1.0 kJ/mol. The calculated
eutectic composition is 16 at.% As and the 700
eutectic temperature is 414 K. The
calculated isentropic Ts curve is shown in -.

the lower part of Fig. 1. The Gibbs free
energy of formation, AGr, of the "ideal" 5
glassy alloy (with respect to the stable
mixture of As2Se3 and Se) is plotted as a
function of composition in Figure 2. AGf is
independent of the temperature because as g 300
Legards to the assumption we made the E
entropy of the "ideal" glass is equal to
that of the crystal. According to a previous
paper (Clavaguera-Mora and Clavaguera 1989), 100 

txGr scales as AH and glass formation of
stochiometric alloys from the liquid is 0.0 0.2 0.4
expected if 0.2<AGf/AHm<0.3. The broken
lines in Fig. 2 correspond to these limiting Se Atom fraction As As2Se3
values for AGf. It can be concluded that GPA
is thermodynamically favored in this system.
This is in agreement with experimental
findings. Flaschen et al. (1960) firstly Fig. i.- Full lines show the calculated

reported that glasses are easily obtained by phase diagram and Ts curves for the

fusing the components in the entire glass As2Se3-Se system. Dotted lines show the

formation range from elemental Se to alloys experimental phase diagram after Dembovskii

containing - 60 at.% As. and Luzhnaya (1964). Dashed lines correspond
to experimental phase diagram after Myers

3.2.- Sb2Sel-Se system and Felty (1967).

The calculated phase diagram including 3.0
the calculated values of Ts are shown in
Fig. 3 together with the experimental phase
diagram determinations (Parravano 1913;
Myers and Berkes 1972). The best theoretical 2.5-
fit to the experimental r:esults is obtained .0by taking K2=.001 and a value of 4.0 kJ/mol o
for the interaction parameter between the ..

main species Se and Sb2Se3. The Gibbs free 2.0 -
energy of formation of the alloy glasses is
shown in Fig. 4. The broken line in Fig. 4
relies the values of 0.3 times AHm for the tl

components Se and Sb2Se3. Therefore, the 1.-
Gibbs free energy of formation is quite
large compared to 0.3 times the melting
enthalpies of the components. As expected
from reported glass forming regions in the 1.0 .
-Sb-,e -te UBoriso;, 1381) and other 0.0 0.2 0.4

ternary systems (Bordes et al. 1990), GFA is
thermodynamically verl poor in this system.

3.3.- As be-i-Sb2Se3 system je Atom fraction As AS2 Se3
The experimental phase diagram was Fig. 2.- Calculated Gibbs free energy of

determined by Berkes and Myers (1971). formation of an alloy glass for the system

According to these authors it is a simple As2Se3-Se. - -Line that relies the values

eutectic diagram with an eutectic corresponding to 0.3 AH. for Se and As2Se3.

composition of 12.6 mol.% Sb2Se3 and --- Idem for the values of 0.2 AH.
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eutectic temperature 636±5 K. Fig. 5 shows 900
the experimental points, the calculated 9
phase diagram and the Ts curve. Calculations - I
were performed assuming an ideal association *
model behaviour for the liquid phase. The W 650calculated eutectic composition and
temperature are, respectively, 6.5 at.% Sb
and 627 K. Association remains very strong
for liquid alloys of the system as can be4 CL400 •
seen in figure 6 where the molar fractions E
of the main chemical species of the system 4 TS
are plotted as a function of composition.
Fig. 7 gives the Gibbs free energy of
formation of an "ideal" glassy alloy cf the 150 ......... ..........
system. The broken line relies, as in fig. 0.0 0.2 0.4
4, the values corresponding to 0.3AH. for
the two line compounds. Therefore, Se Atom fraction Sb Sb2 Se3
thermodynamically the best glass forming
compositions in this binary lie in the Fig. 3.- Calculated phase diagram and To
nearby of 20 at.% Sb which is a composition curve for the Sb2Se3-Se system. (*)
rather far from the eutectic one. Experimental phase diagram data after
Experimental glass forming region as Parravano (1913). (A) Experimental data
reported by Borisova (1981) and presented in after Myers and Berkes (1972).
Fig. 8 shows that glasses are easy to form
when the Sb content is less than -22 at.%. 4.07
This result, compared to our calculations,
reinforces the importance of the thermo-
dynamic criteria on glass formation. 3.5-

Conclusions d 3.0-
We have applied here the thermodynamic

criteria of glass formation to systems in -e
which the chemical ordering is very , 2.5
important in the liquid and glassy states. '

The main assumption introduced to obtain the .3

Gibbs free energy of formation of an alloy 2.0 f
glass was to treat the liquid as a 2
SAR-solution. The parameters involved are
the ideal equilibrium constants and the
interaction energies between the main 1.5 I I I , I,

species. These parameters were adjusted to 0.0 0.2 0.4
reproduce the experimental phase diagram.
The values obtained for them are consistent Se Atom fraction Sb Sb2 Se3
with the main assumption we made. That is:
(a) the equilibrium constants have values
low enough to undertake strong associated Fig. 4.- Gibbs free energy of formation of
treatment, and (b) the absolute values of an alloy glass in the Sb2Se3-Se system.
the interaction energies are relatively low
(<RT) for the regular approximation to be
valid. 950

For the three binary systems
considered the Gibbs free energy of
formation has values in the nearby of those
predicted for good glass forming systems 700
(Clavaguera-Mora and Clavaguera 1989). 23
Assuming that GFA is inversely proportional 3
to AGf, the trend of the Gibbs free energy
curves versus composition agrees with cL 450
experimental determination of GFA.
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Abstract. -

Materials which must be described in terms of three or four chemical components are
common today in nearly all areas of materials science and technology. Unfortunately, the
three dimensional nature of isobaric ternary and isobaric, isothermal quaternary phase
diagrams has limited the effective use of such diagrams. In the present work the authors
explored the utilization of the "solid-modeling" capabilities of a Computer Aided Design
(CAD) system to address the problem of three-dimensional phase diagram representation for
phase diagram users.

Relevant 3-D, isobaric phase diagrams for a hypothetical quaternary eutectic system
were constructed (using input data similar, in kind and amount, to experimental data commonly
found in the literature), displayed in various ways intended to aid visual comprehension, and
manipulated to extract numerical information and create planar sections.

The authors concluded that CAD systems offer many advantages relative to computer
programs which have been developed specifically for phase diagram representation. These
advantages include: powerful and versatile geometrical entity generation methods,
sophisticated display features, ease of use, and wide availability. However, it is also
pointed out that only through the use of solid-modeling can the full advantages of CAD system
representations of 3-D phase diagrams be realized.

1. - introduction. represented on an axis normal to the plane

of the triangle). In such a ternary
In the preraee to the 1964 English diagram, phase equilibria for the pure

translation of "Phase Equilibria in components are depicted at the vertices of
Multicomponent Systems", the authors noted the Gibbs triangle, the three binary
'It would be hard today to find a single subsystems along the sides of the triangle
branch of industry and technology that does and the ternary system within the interior
not make extensive use of multicomponent volume. For quaternary phase equilibria,
alloys and other multicomponent materials" the three independent composition variables
(Palatnik and Landau 1964). During the are typically plotted within a regular
ensuing 26 years, intense research tetrahedron (the "Roozeboom tetrahedron").
activities involving "super alloys". A fourth dimension would be required to
ceramics for structural or electronic explicitly display temperature information,
applications and geological materials, to therefore each tetrahedrcT. represents
name but a few examples, have increased the isothermal quaternary phase equilibria.
scientific and technological relevance of Analogous to the ternary diagram, each
multicomponent phase equilibria. However-, vertex, edge and side represents,
in spite of a well documented understanding respectively, isothermal sections through
of the "rules" governinq the topology of unary, binary and ternary subsystems.
phase diagrams for three and four component
systems (the simplest of multicomponent The difficulties of working with
systems), the unwieldiness of the necessary three dimensional diagrams have prompted
three-dimensional (3-D) representations has the development of several alternative
often diminished the effectiveness and representations. For example, polythermal
discouraged the use of such diagrams. projections of both ternary and quaternary

diagrams are commonly used (Prince 1966) as
2. - Background. well as two dimensional schematic

representations of quaternary monovariant
Phase equilibria in binary systems at paths (Schairer 1942). Such techniques are

constant pressure, may be fully expressed as quite useful (as evidenced by their wide
a function of 2 independent macroscopic acceptance), however, they are
variables (i.e., composition and simplifications and by their nature contain
temperature), thu- allowing two dimensional only a subset of the useful information
graphical representation. With each available in the explicit three dimensional
additional chemical component, an representations.
independent composition variable is added to
the system. thus. ternary phase diagrams Faced with the obvious difficulties
consist of two independent composition of visualization and conceptualization of
variables (usually plotted in "Gibbsian" three dimensional phase ';agrams. workers
coordinates within an equilateral triangle) have presented such diagrams using a
and the temperature variable (typically variety of media including wire models,
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hiqh resolution graphics monitor .nd a
c-ay nr plastic sculptures. and conentional "mouse". It is similar in
multi-colored line drawings sizo to a personal computer, sells for
which produce a '3-0 effect' when viewed approximately twice the cost of a high
through special eye-glasses. Notis and quality PC. but has tremendously greater
TarDy (1986) have presented a more complete capabilities. The software chosen was
list o these techniques, including I-DEAS (Integrated Design Engineering
references. Analysis Software) level 4.0 created by

Structural Dynamics Research Corporation
It should be realized, however, that and released in 1988. I-DEAS was chosen

visual representation is only one of three largely because of its solid-modeling
major problems which often confront capabilities and powerfil display features.
researchers who would apply 3-0 phase
diagrams to their work. In may cases. 3.2 - Overall Approach.

reliable thermodynamic models for a
particular sys em are unavailable, and Experimental data for phase
workers must construct" the phase diagrams equilibria in four component systems are
from experimentally determined data. hierarchical, that is, the data are most
Furthermore, experimental data are usually certain and complete for the binary
incomplete; various quasi-binary or subsystems with reliability and
quasi-ternary sections along with availability of data progressively
polythermal Projections may be all the decreasing as additional chemical
information that is available for quaternary components are added to the system. In
systems. Construction of 3-0 phase diagrams order to develop a technique that would be
from this information -equires the use of applicable to real systems, input data to
interpolation. Hr ever, standard graphical be used for the hypothetical syutem
interpolation, which works simply and constructed in the present work were chosen
directly in two dimensions, becomes to be similar to data which are typically
overwhelmingly difficult in available in the literature. Binary
three-dimensional space. Thus. construction subsystems were assumed to be completely
of 3-D phase diagrams from avai-ltle data described. Data for the ternary subsystems
can be a major obstacle for those who would consisted of the information typically
make use of such diagrams. Finally, after available from two dimensional polythermal
construction and display have been suitably liquidus projections of ternary space
manaqed, there remain the obvious models, supplemented oy minimal subsolidus
difficulties associated with extracting information. Finally, data for the
information, both numerical and geometrical, interior of the quaternary system consisted
from 3-0 phase diagrams. only of points along the monovariant

reaction paths.

In order to address these difficulties
and thereby facilitate the use of The overall procedure for
three-dimensional phase diagrams, the constructing the 3-0 quaternary isotherms
present work explores the use of a was designed to take advantage of the more
commercially available computer aided design completely determined low-order systems.
(CAO) software package in the construction, The binary systems were constructed first.
display, and manipulation of ternary and Data points were entered and displayed in
quaternary phase diagrams. It should be the binary composition-temperature plane.
noted that the use of computers for phase Points were spline fit to form the phase
diagram representation is not new, but dates boundaries (curves). Binary subsystems
back nearly 30 years. An excellent overview were then combined to define the sides of
cf such work is provided by Massalski (1989). the ternary space models. Data points for
It is not the authors' intention to provide the interior of the space models were
a review of the literatu-e on this subject, entered and curves were fitted to these
although the results of the present work points, thus completing the wireframe
will be discussed partly in terms of these (i.e., curves in 3-D space) representations
previous efforts. of the ternary diagrams. The relatively

more comnlete information for the binary
3. - Procedure. subsystems was in this way used to aid in

the construction of the ternary diagrams.
In order to determine the usefulness The ternary space models were subsequently

of the CAD system for the representation of completed by utilizing a variety of surface
3-D Phase diagrams and to develop efficient generation techniques available with the
techniques for utilizing the ca~abilities of I-DEAS software. In many cases (e.g.,

the system, a hypothetical, symmetrical 3-phase regions and liquidus surfaces) the
quaternary eutectic diagram was constructed available data were sufficient to precisely
and manipulated. define the surfaces. In other cases (e.g.,

solvus surfaces), where only the surface
3.1 FguiPment. edges and a few internal points were known.

surfaces were generated using least squares
The computer hardware chosen fir this or interpolation fits. Isothermal sections

work consisted solely of a SUN 4 workstation were then taken through the completed
(aka. SPAPC). The workstaticn was comprised ternary diagrams. These cross-sections
of a rentral processor, external hard drive. were subsequently combined to form the



98

exterior surfaces of the quaternary
isothermal tetrahedra. Anulogous to the
procedure used to build the ternary space
models, interior data points were entered, ,
curves fitted to form wireframes. and
surfaces created over the curve;. / /

It shou. d be noted that three short / / "
progra-ns were written, using a high level / .
programming language (Ideal) provided in the
I-DEAS environment. These programs
converted between the

temperature/composition coordinates of phase ,
diagram space and the internal, Cartesian
coordinates of the CAD system, as well as A -

calculating phase fractions present in
monovariant regions. given bulk conoposition
and tempe ,ture as input informatiun. - .

4. - Results.

Solid models representing three
quaternary isotherms (Fig. 1) and the
ternary subsystems were created. For any
given diagram, each phase region was creaLed Fig. 1. r. -ubsolidus quaternary isotherm.

and stored as a separate ;olid object with
an appropriate name (e.g., Alpha + Liquid.
for the 2-phase alpha-liquid region). The
complete phase diagram was created by
defining a 'system" composed of the A .
indiviuual phase regio: (each having
associated with it a spatial orientation).
Figure 2 shows a "system" composed of the -
stored phase regions for a ternary
cubsystcn. However, in this figure, the K
system was defined t' i.iciude t-anslation K ' I'
vectors for each phase region, thus moving

the regions apart to create the "exploded"
configuration shown. Each surface is
described by facets (used for shaded image
displays and for defining cross-sections -

during cutting operations) as well as having /
a mathematical representation (nonuniform
rational B-spline surface modeling is used).
The faceted display can be refined, almost
instantaneously, producing facets (up to Fig. 2. An 'exploded' view of the

7500 facets per phase reqion) which deviate solid-model for a ternary eutectic diagram.

only negligibly from the mathematical
surface. This dual representation allows
efficiency of file storage y-t highly
precise representations for display and combined and superimposed upon shaded
manipulation images to create a variety of useful

man i p a y .displays.

Vjiual comprehension of the complex
3-0 diagrams was aided by a number of Extraction of information from the

sophisticated display features. "Dynamic 3-0 phase diagrams was facilitated by a

viewing" allows rotation of diagrams (in 3-D number of capabilities of the CAD system,

space) zooming, and diagram translation to many of which have alrvady been mentioned.

be accomplished continuously, interactively. The composition and temperature of any

and in real time, by movement of the "mouse" point on a surface or curve can easily be

about its pad. These same view changes can accessed. Given a temperwture and a bulk

be accomplished non-continuously simply by composition lying within a monovariant

entering appropriate values from the reaction region, the fraction of each phase

keyboard (e.g., degrees of rotation about present can also be easily accessed.
Furthermore, tie-lines were stored as line

each axis). As already alluded to, displays drawings a serimps ed o the

which include shaded surfaces were created drawings and superimposed upon the

to a~d in visual comprehension. A wide appropriate phase regions to aid in phase

variety of attributes can be assigned fraction determination in multivariant

individually for each shaded surface. The phase regions. Finally, planar sections

most useful among these attributes proved to through the 3-D diagrams were quickly and

be surface color and degree of transparency. conveniently generated using a variety of

Furthermore, line-drawings (e.g., input information to orient the "cutting

composition coordinate grids) can be plane" as desired.
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_. - iscussin. It is envisioned that the use of
this technique (or similar techniques which

As mentinned ',ove, various computer could be developed utilizing other CAD
methods for the representation of phase system, with solid-modeling) could allow
diagrams nave been proposed and used. Much researchers to make use of ternary and
of the ork in t).is area has been aimed at quaternary phase diagrams with somethi.
creating computer programs which would be approaching the facility which has
dedicated to one or more aspects of phase heretofore only been attainable with binary
diagram represeitation. Although, to the phase diagrams.
author's knowledge, none have been intended
prioarily to assist researchers working with References
*'ul icomponent materials in the efficient
1e0.loomeit (from available experimental Massalski, T. 8. (1989): Met. Trans. A 20A,
.ata) and use of 3-D phase diagrams. p 1295.

FL. rrhermore. the wide availabi.'ity and Notis. M. R. and rarby. S. K. (1986): in
reasonble cost of CAD ,cystems have proviced "Ccrputer Mcdeling of Phase Diagrams". ed.
r- ,a'cners witn powerful new tools. 8e,,nett, L. H.. (IMS), Warrendale, PA, p.
tr eesources have been devoted to 355.
,nc .e,,elopment of these systers, thus Palatnik, t. S. and Landau. A. I. (1964):
'jidir q several idvcntages for the user. "Phase Equilibria in Multicomponent
rnese often include (as is true for the CAD Systems" (Holt, RineharL and Winston.

Ivstem LISed in the present work): dynamic Inc.).
the ability to create shaded Prince, -. (1966): "Alloy Phase Equilibria"

( -;p aVS using a variety of (Elsevier).
dten isplay attributes (including Roeder, J. F. (1986): in "Compiter Modelin,

>an;1l.seicy) . the c ,_bility to utilize of Phase Diagrams". ed. Bennett, L. H.,
'c"-, niformly spaced input data, faceted (TMS). p. 385.
repr erer tations of surfaces which can be Schairer. 3. F. (1942): J. Am. Ceram. Soc.
on~nitormiy spaced (allowing finer facets 25, p. 241.
r more complex area ). the use of
'onuniform rational B-spline curves and
surfaces (allowing complex areas to be
modeled without introducing unwanted

inflectio
, 
p~ints), and the immediate

displa of data entered and geometry
gen-rLed to allow interacticn on the part
of the user. Mo eover, CAD programs are
high level, met. driven programs which do
not require the user to possess advanced
programming skills.

In spite of the merits of CA systems
for phase diagram applications, very few
researchers have attempted to utilize CAD
systems for this work. To the authors'
knowledge, previous work using CAD systems

(e.g.. Roeder et al (1986) was limited
largely or entirely to wireframe
representations. Unfor tunately. wiLhout
solid-modelinq. many of the advantages of
CAD representations of 3-0 phase dic grams
are sacrificed. The lost capabilities
include: shaded surface displays, efficient
and self-consistent generation of planar
sections through diagrams, and self
consistent determination of
composition-temperature coordinates for
phase boundary surfaces.

6.- Conclusions.

'he results obtained using the
hypothetical quaternary eutectic system
indicate the potential usefulness of this
procedure. Given the successful results of
the procedure with the type of input data
used. it is reasonable to "'ect that the
process should be applicable to many real
systems. Currently, this procedure is being
applied to a real quaternary system
tCaO-Al203-MqO-SiO2z which is relevant to
the authors' study of solidification,

phenomena in geological materials.
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Abjst!r ct :
The electronic structure and cohesive properties of tr-,nsition metal

carbides in NaCI structure ,.re studied on the basis of a tight-binding recursion
method. The ejectronic structure is analyzed in terms of a p-d interaction
between the p orbitals of ;arbon and the d orbicals of the transition metal. A
good agreement is found with the most sophisticated calculations like the ones
based on the ADW met!. od. Concerning the cohesive properties of these
compounds we have calculated the heats of formation of (Ti, Zr, Hf, V, Nb,
Ta)-C and compared with the experimental values. We are able to interpret the
evoiation -F the experimental values when we go through a column or a row in
Mendelei,:v' s table.

. - Introduction I1. - Model

Tran, :ion metal ca. bides which To describe the energetic interactions
cr.,stallize in the NaCi structure havc long in the carbide, we start from the tight-binding
been of spe,-ial '.terest because of their Hamilton-an which cap be written
unusual combin.:tion of properties suth as
high melting point. ultrahardness and metallic H = p ] Pn In''i> Ei< n,Xii
conductivity. These compounds usually n I ni
present important deviations from
stgechiometry, due to a high concentration of + YI ni>0kp
metalloid vacan,:ies, :hese vacancies having a + I Pn I n,X > J < mij I Pn (1)

.r(. ng influence on the meas ured values of all n,m i,j mij
physical properties of the 'ompounds. To
attempt to explain all these properties, where the indices i, j label the chf'--cal nature
extensive experimental and theoretical studies of the atoms. p = I if the site n is occuped
on the electronic properties as well as on the
phonon spectra have been performed over the by an atom of type i and Pt 0 otherwise.
past several years. The binding mechanism has n
been investigated by Schwarz (1977) and the In,ki> is the atomic orbital Xi (2 p for C and
:alculated densities of states show a low
energy n .- row band due to the s electrons of 3d, 4d or 5d for M) centred on site n and ek

the carbon and a higher conduction band i
mainly due to tre hybridization between the p is the atomic energy level corresponding to he
states of the carbon and the d states of themetal. This p-d hy,,' d zai n h s b e s ow orbital Xi at site n. Finally, 0)kiPJ is the

meal Tisp- hbidization has been shown n m
to be of great importance in :he interpretation
of the energies of formation of the transition hopping integral between the i orbital at site
metal-aluminium or silicon compounds( 11 a ~ t u r e ! e t a l 1 8 1 9 4 . I t h , p a e w en a n d t 'i e u j o r b i t a l a t s i t e mn . S i n ,e , P x i la j

1982, 1984). In this paper, we nm
propose to use this simple scheme to explain decreases very rapidly with tl-e distance
the thermodynamic behaviour of (Ti, Zr, Hf, between sites n and m, we will
V, Nb, Ta)-C compouncis crystallizing in the consider three types of hoppinig orbitals
NaCI structure, or in otier terms, how the
energy of forication of a transition metal only, correspondirg to first (5)'M tC ) and
carbide varies when we go through a columr.

or a row. To investigate the energy of second (fXM ' M and 0XCMC) neighbour
formation, we have chosen to use the "-MM CC
recursion method of Haydock et al. (1972) distances. As usual, these hopping integrals
within the tight-binding appro .ch to describe can be expressed in terms of two centre
the p-d hybridization ; the method allows one
to analyze the local density of states, a basic integrals (ddo, ddnt, dd6) for [MM. {ppa'
Iphysica' quantity of the electronic structure ppit} for O3 cc and {pdcl, pdmtc for I3Mc"
of a solid. Within the tight-binding scheme,
one can change easily interactions in order to From this Hamiltonian, it is then easy
study tneir influence on the local density of to calculate th, partial density of states
states, as it is done in the present study by X
"switching off" the nearest neighbour of symmetry X at site 0, n (E), as the
interaet~ons between - and d- electrons. imaginary part of the pr.,jection, on the atomic
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orbital I),X>, of the Green function G(E) sublattice) nearest neighbour hopping
integrals. Only the metal d and metalloid p

1E ( bands have been considered since APW -esults
GE) (2) show that metalloid s-band does not participate

to cohesive properties [1]. For the other
I ( .carbides, these seven hopping parameters have

n -() <O,l G(E )iO,X> (3) been corrected using Harrison's (1980) scaling
i) 7t law to take into account the variation of the

nX" F can be calculated as a continued lattice parameter from a carbide to another

0 one. Besides these hopping parameters, we

fraction, the coefficients of which will be have to consider, two atomic levels, Ep for the
computed within the recursion method
tlavdock et al. 1972). The energy of p orbitals on a C atom and d for a M atom.
t o r niation can be %ri en in the ttartree-Fock We have used the values of the tables of

Herman and Skillman (1963). Indeed, to
approximation perform the self-consistent calculations of

EF EFt charge transfer, we have used Udd =* 3 eV and
E d Upp = leV in agreement with previous

AI: f EntE)dE ' E ni(E)dE calculations (Nguyen Manh et al. 1985). All
i=M.C the parameters are gathered in table I.

Ii A(,N' (4)

t =M L.C 4 III - Results and discussion

where the first and second terms represent the We start by discussing the electronic
change i r the one-elec:ron band energy in d e stat by obthe elect r
alloying ( Pasturel ct al. 1984). Half the density of states (DOS) obtained in our
as sociate d electron -electron interaction is simplified tight-binding Hamiltonian. In

substracted to correct for double counting in figure 1, we show the density of states of

the first term of (4). nirE) and Ni are the NbC compound, calculated with a continued
te f st a fraction exact up to the 10th level. It is clear
density of states and total number of electrons, from the partial p and d densities of states of
respectively, associated with atom i ; EFt is figure 1 that the electronic density of states of
the corresponding Fermi energy. In presence the compound results from a strong mixing
of charge transfers, we take into account between the d and p states ; this strong
intraatomic charge transfer effects in a mixing is characterized by the formation of
lartree-Fock scheme :bonding and antibonding states well separated

S=Aby the occurrence of a pseudogap. We shall see
ti=ti + Ui AN1  (5) that it explains the stability of these

compounds. We have shown also the ab-initio
in which the reference state is equal to the results proposed by Schwarz (1977) ; one can0
pure metallic value C ? Ui is the Coulomb see that our results are in qualitative

agreement with these calculations. The
integral and AN I is the variation of the number densities of states of the other carbides are
of electrons of i species during alloying very similar to the one of NbC, the only main
(Pasturel et al. 1984). difference is the location of the Fermi level for

TiC, ZrC and HfC compounds since Ti, Zr and
We shall use here the standard Slater- Hf have one d electron less.

Koster parameters deduced by Pecheur et al.
I 1984) from APW band structure calculations The importance of the p-d interaction

for NhC, with the previous simplification of is illustrated by a second calculation setting
keeping only the first (metal-carbon, the p-d parameters of table I to zero. All other
which.couples the two sublatitices) and second parameters remained unchanged. In this case,
(metal -metal and carbon-carbon, on each the p- and d- bands decouple as demonstrated

clearly by figure 2. The bandwidth is now

Table I : Tight-binding parameters for the carbides in the NaCl reduced by a factor 2-3 caused by switching
structure (in eV). off the p-d hybridization. There is also no

characteristic minimum between two peaks as
seen in figure 1.

d y ddn d (16 pP W Wit~ p a Let us consider now the cohesive

TI( -W.92M5 0.2898 0 0.6972 0 1537 -2.1979 1.0695 properties of the carbides. Using our simple
p-d Hamiltonian, eqn.(4) can be rewritten as

Zrf t 927 0 1 822 0 0.5914 -0 13 04 " 1747 1.1312 EF
Hf(" 1 2254 04287 0 o06M3 -1 1317 -24926 1.2129 AE f E.n(E) dE 1 Ui 2A(N

$ 4 i=M,C
V( 06499 0 227 1 0 (7521 .0.1658 -2.0218 0.9838

EFM
NbW -I 0120 0 3540 0 0.61)Sl -0.14401 -23508 1.1439 1 (6)

-y f E2 -d(E) dE +(6)

TC - It.15t1 ().4029 ii 116577 -0,145o) -2.5167 1.2246
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Figure 2: Terminated continued fraction DOS for 10 levels with

(a) and without (b) p-d hybridization (thin full line
c) background DOS with first 4 moments equal to those

hy of the DOS). (14,8)

sedX being a constant equal to

E eV. EFc E

E= desc fib E nsp(E)dE + f Ens(E)dE (7)

X can be considered as a contribution to

60- account for transformation of carbon from a
semiconducting reference state into an

chypothetical metallic state. It has already been
used by several authors (Pasturel et al. 1982,

40 .. 1984 and Niessen and De Boer, 1981) to
describe the heats of formation of carbides,

d)0 . sicides, nitrides or phosphides. Here, to
obtain a quantitative description of the
energies of formation of the carbides as a

20 function of the transition element, we have

chosen to fit the value of X on the energy of
ssformation of NbC compound. In table II, we

iioeuto w . present our results for all the studied carbidesand compare these values with the experimental
0 13 .0 ones. One can see that our values reproduce

F(Ryd the experimental trend : the heats of formation
become more and more negative when one goes
down a column and more and more
positive when one moves from IVB column to

Figure I: Total (a) and partial (b-c) p and delectronic density of VB column. This latter behaviour can be easily
states of NbC compound in the NaCl structure ; (d) ab- understood from the location of the Fermi level
initio results of Schwarz (1977 ). in the electronic density of states.
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Table II.: Co:.:parison bc.%,en experimental (*) (Hultgren et al. curve according to Ducastelle and Cyrot-
1973 and Wagman et al. 1982) and calculated energies Lackmann (1971). This curve presents 2
of formation of the carbides in the NaCI structure maxima at about 2 and 11 electrons and a
(in eV/at). pronounced minimum at 6 electrons. The

minimum at 6 electrons occurs because the
TiC VC ZrC NbC HfC TaC Fermi level falls into the pseudogap of the

NaCI structure-DOS. It explains the stability
-0.89 +0.10 -1.05 -0.73 -1.23 -0.81 of IVB and VB based carbides since these
-0.96* - 1.02" -0.73 -1.13" -0.77* carbides correspond to a total filling of 6 and

7 electrons at the Fermi level.

For VB column, the Fermi level is shifted due IV._CQnliusion
to an extra d electron of the transition metal.
The most favourable situp!io. is foi IVB The application of tne recursion
elements for which the Fermi level is located method coupled with a simple p-d Hamiltonian
in the pseudogap, all the bonding states being enables an interpretation of the stability of
filled and all the antibonding states being IVB and VB based carbides in the NaCI
empty ; in this case, the cohesive energy of the structure. The- density of states of these
carbide is the most important and explains the carbides is characterized by the occurrence of
more negative values for the carbides based on a pseudogap due to the strong coupling
the IVB column. between the p-orbitals of the carbon and the d

orbitals of the transition element. For the
The evolution of the energies of studied carbides, the Fermi level falls into the

formation of the carbides when we go down a pseudogap, leading to the filling of all the
column, can be explained from the values of bonding states, the antibonding states being
the p-d hopping parameters which become empty : from the point of view of the cohesive
stronger and stronger ; the pseudogap is then properties it is the ideal situation.
more pronounced and leads to more negative
values for the heats of formation.

To show the influence of this REFERENCES
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Abstract.-

The relation between AH R and AS in infinite dilution in liquid binary alloys

of A and B, which depends on Phe meltIng points of the components, has been obtained
on the basis of free volume theory.

I.- Introduction. nearest-neighbours, the excess Gibbs energy

of mixing AGEx is expressed by the follow-
Several empirical attempts have been ing mix

made to correlate the enthalpy of mixing and
excess entropy in liquid binary alloys. For A(Ex = AH - T AS Ex  (3)
example, Kubaschewski (1981) obtained the mix mix

following relationship between the partial AH mix= NAB fAB 
/ 

Z (4)
enthalpy of mixing All and the partial ex-
cows entropy , B of solute elements in in- NAB ZNoXAX B(lXAXB f AB / kT) (5)
finite dilution of liquid binary alloys. Ex Ex ExAS~x = ASoFE + AS

AHB = 3400 ASF
x  (1) CONF NONCONF (6)

ASEx 22 2 2-XAX tB / 2kT 2  (7)
Lupis and Elliott (1967) proposed the fol- CONF A B AB

lowing similar relationship as Ex
SN ONCONP

AH = T.AS x (2) =3/2kNoXAlp(V /V) + X V n(VB/BBB B OA A AA B BB

In this equation, T is a constant and a =3/2kNo2XA ln(L A/L AA ) + 2XBln(LB/LBB)
value of 3000+1000 for this parameter has
been proposed for ordinary metallic solu- + X ln(U /U ) + X ln(U/U)} (8)
tions. However, they suggested that c is A AA A 8888

not always constant for all types of alloys where NAB is the number of A-B pairs; Z,co-
and might be dependent upon the nature of ordination number; A, exchange energy;
the alloy components. k, Boltzmann constan; T, temperature in K;

No, Avogadro number; XA,X B, mol-fraction;

Recently, the authors have derived a VBV . & v B , free volume; LA, L ,LA &
solution model for the relationship between L dzBsa:ce which interatomic po en Tal
the enthalpy of mixing and the excess en- exend in a cell, as shown in Fig.l; UA,UB,
tropy in liquid binary alloys. In this pa- A'AA & U 8 , depths of the potential energy in

per, an outline of the model as applied to a cell, as shown in Fig.l. In the above
infinite dilution of liquid binary alloys equations, the suffices AA & BB indicate
is presented with some new results, pure elements and A & B indicate the states

of A and B atoms in an A-B alloy. In Eq.(8),
2.- Derivation of Thermodynamic Equations. if the free volumes of A and B in an A-B al-

loy are larger than those in the pure states,
The derivation of the solution model i.e., VA>VAA and v >vBB, the region in which

has already been described in detail in our an atom moves randomly in its cell sur-
previous publications (Tanaka et al. 1990 rounded by its nearest-neighbours increases,
"A" & "B"). Only a summary of the model and consequently AACONF becomes positive.
will therefore be presented here. In this On the other hand, iY VA<VAA & v BVBB, the
model, the equations for the enthalpy of reverse is true.
mixing and excess entropy have been derived
on the basis of the free volume theory ad- When the concentration of B in liquid
vanced by Shimoji and Niwa (1957) and the A-B alloy is infinitely small, the following
first approximation of the regular solution equations for A&f and AgEx can be obtained
model proposed by Gokcen (1986), by consid- B B

ering configuration and vibration of atoms by differentiation and rearrangement:

in alloys. Assuming that an atom vibrates AH fi (9)
harmonically in its cell surrounded by its B AB
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Ex = Fx Calculations of ASEx and A Ex were car-
AS =A B s BB B, NONCONF ried out for the 60 alloy systems presented

= 3/2kNo[(L -L )2/L in Table 2. Experimental values of AB
x

Hultgren et al. 1973, The 19th Committee on
+j4UAAUBB - 2fl AB(UAA + UBB) Steelmaking 1988) are also shown in Table 2.

- AEx
)2/2UAAUB] (10) 4.- Relationship between AHB and A9BEx-(U AA + U BB) /UA BB'(0n H - B'

U and U- B in Eq.(10) can be obtained Figure 2 shows t.- relationship be-frm AA BBe BH and Ag~x, uicllaeasnfrom the following equations. (Tanaka et al. tween AH B  both c l1990"A") the preceding section. As can be seen from
this figure, the relationship is dependent

U- -2112L'iM ii) IN (i=A or B) (11) upon temperature.

In Eq.(1l), M.. is the atomic weight. L. When A and B in an A-B alloy have
is assumed to'te half of the nearest-neilgh- nearly the same values of molar volume and
bour distance and this can be obtained from atomic weight, the following approximate

L =1/2(2 1/2VI/NO)1/3 (i=A or B) (12) relation can be derived from Eqs.(l1)-(14).
L 0 (A A = {l4.0/(1/Tm,A+I/Tm,B)}.Ag~x (16)

where V. is the molar volume. V.. in Eq.
(11) islihe frequency of an atom, which can Plots of AHB(1/Tm,A+Tm,B) against
be evaluated by the following equation pro- ASEx are shown in Fig.3. It is evident from
posed by lida and Guthrie (1988). this figure that HB (I/TmA+I/Tm, ) is pro-

12 (2/3)i/2 portional to AS as proposed in Eq.(16).
li.. 2.8 10 iTm, /M V (13) Hence, the relationship between AHB and AS x

11 Pii iiii iiB B
depends on the melting points Tm, and Tm(i=A or B) of the components of the alloy an the rato

of AH to AlEx becomes larger when the alloy
where Tm,. is the melting point and i is i B Biii is composed of the components with higherthe coefficlient to transform the frequency melting points.
in the solid state into that in the liquid
state at the melting point. Values of 5.- Conclusion.
were obtained from the experimental data tor -Ex
the surface tension of the pure elements in The relationship between AH and Ex
the liquid state, in infinite dilution of liquid binary alloys

has been discussed on the basis of the free
Consequently, the following relation- volume theory. It is shown that the rela-

ship between ARl and ASEx can be derived fromEqs.9) nd I0B tionship is dependent upon the melting
Eqs.(9) and (105. points of the components.

S= 32kN(LAALBB)/LALBB References.

+t4UAAUBB-2AT B(UAA+UBB) Hultgren, R., Desai, P.D., Hawkins, D.T.,

(u+U)2 (14) Gleiser, M. and Kelley, K.K. (1973): Select-AABB UAAUBB( ed Values of the Thermodynamic Properties of
Binary Alloys, ASM, Metals Park, Ohio.

As shown in Eqs.(9)-(14), the partial excess Gokcen, N.A. (1986): Statistical Thermody-
entropy and also the partial excess Gibbs namics of Alloys, Plenum Press, New York.
energy AGx can be obtained from the physical lida, T. and Guthrie, R.L. (1988): The Phys-
properties listed in Table 1 for pure ele- ical Properties of Liquid Metals, Oxford
ments when the value of the partial enthalpy Science Pub.
of mixing is known. Kubaschewski, 0. (1981): High Temp.- High

-Ex -Ex Press., 13, 435.3.- Calculation of AS and Lupis, C.H.P. and Elliott, J.F. (1967): Acta

Metall., 15, 277.In this work, the values of AH- were Niessen, A-.K. de Boer, F.R., Boom, R.,
obtained using Miedema's semi-empirical meth- de Chatel, P.F., Mattens, W.C.M. and
ed (Niessen et al. 1983). U and U B in Eq. Miedema, A.R. (1983): CALPHAD 7, 51. See
(14) can be calculated fr qs.(11)- 13) Gokcen (1986) for a comprehensive summary.
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([ida and Guthrie 1988, Niessen et al. 1983). 5, 496.
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Eqs.(ll)-(l 3 ). Japan Society for the Promotion of Science

= 2 - (1988): Steelmaking Data Sourcebook, Gordon
Ui1 -6853 Tm,i i  / J mol (15) and Breach Sci. Pub., New York.

(i-A or B)



106

Table 2 Values of AH/kJmol-I by Miedema's
semi-empirical method and calculated
results for A X/jKlmol

- I and Ex/

kJmol-l. Values in parenthesis are
experimental values: *-Hultgren et
al. (1973), **-The 19th Committee on
Steelmaking (1988).

System Temp. LB AS
x  x

A1 Au 1338 -92 -12.2 -76(-140)*

Al Cu 1373 -28 -3.7 -23( -36)#

Al Fe 1873 -41 -6.2 -29( -56)*

U Al In 1173 30 4.8 25( 23)*

U Al Sn 973 19 3.1 16( 15)*

0 
Al 7n 1000 2 0.1 2( 6)*
Cu Ag 1423 10 1.4 8( 14)*

Cu Al 1373 -34 -4.5 -27( -36)*

Cu Au 1550 -42 -4.8 -34( -24)*

Cu Fe 1823 52 4.7 44( 36)*

Cu Pb 1473 41 6.6 32( 20)*

Cu Sn 1400 -6 -0.6 -5( -57)*

0 Cu T1 1573 43 6.6 33( 26)*

Distance from Cell Center Fe Ag 1873 123 12.6 99( 83)**
Fe Al 1873 -48 -7.0 -35( -47)**

Fig.i Interatomic potential in a tell. Fe Co 1873 -2 -0.2 -2( -9)**

Fe Cr 1873 -6 -0.9 -4( 2)**

Fe Cu 1873 50 4.5 42( 34)**

Fe La 1873 25 3.8 18( 35)**

Fe Mn 1873 1 0.0 1( 6)**

Fe Mo 1873 -9 -2.5 -4( 0)**

Fe Nb 1873 -70 -6.3 -58( -25)**

Fe Ni 1873 -6 -0.6 -5( -7)**

Fe Pb 1873 160 19.7 123( 105)**

Fe Si 1873 -75 -10.7 -55(-103)**

Fe Sn 1873 56 5.2 46( 15)**

Table I Physical properties used in the Fe Ta 1873 -67 -7.1 -54( -50)**

calculation of ASEx. Fe Ti 1873 -74 -5.9 -63( -73)**

V. ./cm 3 mol- 1  Tm,i /K, Fe V 1873 -29 -2.5 -24( -36)**

Fe W 1873 0 -3.9 7( 0)**

Fe Zr 1873 -118 -8.9 -101( -51)**

i Vii Tm, ii Iii V. Tm,.. (3 Ne Hg 673 -42 -15.3 -31( -34)*

Na In 713 -20 -10.0 -13( -1)*

Ag 10.25 1234 0.47 Mo 9.39 2903 0.50 Na K 384 6 3.1 5( 3)*

Al 9.99 933 0.52 Na 23.78 371 0.49 Na Pb 700 -70 -24.4 -53( -48)*

Au 10.19 1336 0.49 Nb 10.81 2793 0.50 Na T1 673 -43 -16.1 -32( -21)*

Bi 19.32 544 0.54 Ni 6.60 1728 0.50 Ph Ag 1273 9 0.9 8( 8)*

Cd 13.00 594 0.56 Pb 18.28 601 0.55 Pb Al 1200 33 5.5 27( 31)*

Co 6.69 1765 0.50 Sb 16.96 904 0.40 Pb Bi 700 0 -0.1 0( -4)*

Cr 7.23 2178 0.50 Si 8.61 1687 0.38 Pb Cd 773 5 1.2 4( 8)*

Cui 7.12 1356 0.46 Sn 16.30 505 0.64 Pb Cu 1473 23 3.6 18( 19)*

Fe 7.09 1808 0.48 Ta 10.81 3263 0.50 Pb In 676 -3 -0.5 -2( 2)*

lHg 14.08 234 0.84 Ti 10.58 1998 0.50 Pb K 848 -89 -31.7 -63( -36)*

In 15.74 430 0.68 Tl 17.23 576 0.55 Pb Mg 973 -28 -5.3 -23( -17)*

K 45.63 337 0.50 V 8.36 1973 0.50 Pb Na 700 -63 -22.5 -48( -34)*

La 22.54 I193 0.50 W 9.54 3653 0.50 Pb Sn 1050 6 1.0 5( 17)*

Mg 14.00 923 0.45 Zn 9.17 693 0.54 Pb TI 773 -3 -0.5 -2( -1)*

Mn 7.35 1517 0.50 Zr 14.00 2130 0.50 Pb Zn 923 16 3.5 12( 16)*

T1 Ag 975 10 0.7 9( 11)*
TI Cd 750 8 1.7 7( 4)*

TI Cu 1573 26 3.7 20( 16)*

TI K 798 -55 -20.6 -39( -34)*

TI MR 923 -12 -2.3 -10( -21)*

TI Na 673 -41 -15.5 -31( -32)*

TI Pb 773 -3 -0.5 -2( -2)*

T1 Sn 723 6 0.9 5( 4)*

Zn Al 1000 2 0.1 2( 8)*

Zn Au 1080 -73 -12.0 -60( -67)*

Zn In 700 14 2.9 12( 14)*

Zn Pb 923 25 5.2 20( 27)*
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Abstract
The importance of local, i.e. atomic scale information for the understanding of liquid metal

alloys with strong A-B bonding and compound forming tendency is stressed.Within a model of
chemical reaction A+B-Ab which is well established for thermodynamics we discuss the NMR
observables Knight shift K and quadrupolar relaxation rate Rq. The hyperfine interaction selects the
atom (A or B) and then differentiates between left hand and right hand side states (A,B vs. AB). This
model was applied successfully to K and Rq in liquid alloys of s-p-metals. Using additional data
electric and magnetic field fluctuations) it appears possible to derive a measure of bond character
ionic/ covalent/metallic) in liquid alloys.

I. Introduction A description of the enthalpy and entropy of mixing for
In many binary liquid melts A1-1 B. from metallic compo- metallic alloys in terms of bonds has been developped in detail

nents AB the A-B interaction is much stronger than the and applied very successfully (see Guggenheim 1952, Bhatia
A-A, B-B interactions, as shown by considerable exothermic and Hargrove 1974, Sommer 1982, Brebrick et al.1983,
heat of mixing AH(x) which for very strong interactions as- Terzieffet al. 1986, Ott et al. 1989). It is based on an assumed
sumes a "V" shape. It is generally found that when the exothermic reaction between "free" atoms A,B, which leads
minimum of AH(x) is sharp, the minimum composition Xs to an "associate" A B
corresponds to a rather low stoichiometry xs/(l-xs) =1:1, 1:2,
2:3 etc.. Also the entropy of mixing falls below the ideal value pA + oB A B
and shows, for some cases, a sharp local minimum at Xs. B
Among the many cases known (see e.g. Hultgren et al. 1973) 

(

we refer to the pairs of s-p metals, where the stoichiometry with xs=g/(pu+v). Introducing interaction parameters for the
follows chemical expectations: IA-IIIA, -IVA, -VA; reaction to the right hand side (AH 0, ASO) and also between
[IIA-VA; IIIA-, IVA-VIA etc.. In almost (but not strictly) the three species A=I,B=2 and ApBv=-3 (W12,W13,W73), the
every case, there exists in the solid A-B system a crystalline concentrations of these species, nl,n 2 and n3 respectively, can
intermetallic compound which has the same stoichiometry be worked out in a standard procedure (see Ott et al. 1989).
and an elevated melting point T., i.e. increased stability. One The important point for the following is that the atoms A, B
may ask: How much of "the bonding effects" is still present in are considered to be in two states corresponding to the left or
the liquid alloy? Which influence does it have on the various right hand side of eq.(1): "free" or metallic A and B on the
properties of the liquid alloy? lhs., associated or "bound" on the rhs. The dynamic equili-

brium (see (1)) gives the probabilities of any individual A or B
Additional signs of strong A-B bonding in liquid alloys of atom to be 'free" or "associated" as

s-p metals are the strong deviations of electronic properties
(electrical conductivity u(x,T), magnetic susceptibility n____r_ n2  Pass 1-Pifree;
X(x,T)) from their expected free electron or nearly free elec- Pifree= n Pnree + n3'

tron behaviour, viz. semiconducting or diamagnetic behaviour

near x,, Tm. For reviews, see Mott (1987), Cutler (1977), P2ass=l-P2ass. (2)
Glazov et al. (1969), Warren (1977). These anomalies prove
that the bonding energy gain is accompanied by a modulation An important property of the associate AuBv will be its excess
of the electron density up to the point of electron localization volume AV=V3-V-vV 2, or its structure (Bhatia and
(Mott 1987), and certainly accompanied by a corresponding Hargrove 1974). However, the former is not measurable micro-
deviation of the A-B density distribution from a random scopically, and the latter is difficult to derive uniquely from
mixture; for a well studied case see Li-Pb (Chieux and Rup- the experimental two-point scattering functions S(q). We
persberg 1980). One is thus forced to reconcile in a model shall therefore turn to other measurable effects of the bonding
these seemingly contradictory requirements: bonding like in which can be identified as signs of the bonding locally, i.e. on
the crystalline phase, yet long (and prooably intermediate) the atoms A and B.
range disorder since the system is liquid.

2. Model of association 3. Connection between bonding and microscopic observables:
One way of modeling these combined requests is to think Knight shift

in terms of bonds within very small groups of neighbouring Extremely local observables, specific to the site of A or B,
atoms (e.g.2,3,5 atoms for x/(l-xs)=l:1,l:2,2:3), considering are the NMR properties Knight shift, magnetic and quadrupo-
this group of bonds (1,2,6 bonds) as largely uncorrelated with lar relaxation rate (see e.g. Abragam 1978). The Knight shift
other bonds. It is this last qualifier which distinguishes the K is produced by conduction electrons (at the Fermi energy
liquid from the bond concept in crystals. The independence cf)which are polarized by the external magnetic field and
between groups of bonds may be justified qualitatively for which transfer this polarization to the site of the nucleus as an
metallic bonds by the strong screening, and for ionic bonds additional hyperfine field; for s- and p-elements, the main
(not quite as well) by the averaging effect of the long range contribution is generally assumed to come from spin polariza-
Coulomb interaction. Covalent bonds can apparently also tion of those conduction electrons at cf which have s-charac-
exist under these conditions: it is known from amorphous ter, so that essentially
semiconductors and covalent glasses or melts (see e.g. Elliott
1990) that there remain basically only the steric restrictions if 8wX
one goes further than the second nearest neighbour. K = , XP < I 0) 12>q (3)



109

with k,,=Pauli spin susceptibility, f=atomic volume, 4. Other observables
< 40)! 2> f = average density of electrons at the nuclear site A similar chain of arguments as was just explained for thc

and with Fermi energie f. Knight shift K, has been given earlier for another NMR-,
"local" quantity, viz. for the quadrupolar part of the nuclear

In those liquid alloys where the A-B bonding and electron spin relaxation rate Rq (see Ott et al. 1989). There the

l-walization is strong enough to make them liquid semiconduc- decisive conclusion drawn from eq. (1) was that one can derive

t,;rs (7(x,) << xscrl+(1-xs)or2), a strong decrease of the a prediction for the decay time of electric field fluctuations
Kiigt shift around x has been observed (e.g. Au-Cs: Dupree since a most important contribution to the decay time comes

et ai i1}so Cu-Te: Warren 1973; Ga-Te: Warren 1971). This froii the back reaction. The latter slows down as x-xs and

is in full agriernent with the decrease near x-xs of conduction n i,n2 < <n 3, in order to fulfill the dynamic equilibrium. It was

tl,,tron Starting from eq.(l), conduction electrons are supp- found necessary to include also the exchange reaction, schema-

liid b% thc metallic lhs atoms A and B, with concentrations tically A'+AB!A+A'B. This rate, like that of the back reac-
il x) :ir..I nj(x) Since ni,n-0 as x-x,, there occurs a redue- tion, is determined by the parameters of the thermodynamics.

ti i of i. which may be roughly estimated using the free Application of this ansatz to some 20 binary and ternary
t-hel rn iriodel

ri Z,n 2 )/%" ..i / 14 1 1/ 3

ith th. valenies ZI,Z 2 of A and B, and the molar volume
%: , In fig la weshow the calculated dependence of n1,n 2 and 0 -

, on .x fir the case Cu-Te (thermodynamical data from
h ihmr1ik arid Gather, 1983) 0.4

h Knight shifts (from Warren 1973) are presented in
11 ii, Isen that Cu- und Te-Knight shift both drop from --------

their pure liquid values as x-x,, as expected. However, the
('u1 sh.ft stays low on the Te side! Qualitatively the same 0.0

wurs for KI(Ga) in Ga-Te (Warren 1971), K(Cs) in Au-Cs 0.0 0.2 0.4 0.6 0.8 1.0
(Dupre . et al. 1980), K(Cs) in Cs-Sb (Dupree et al. 1982), and C1 Te
frin measurements of our group also for Te on the metal side
in Sn-"Fe (Ott et al. 1989a). _Fiea: Liquid Cu-Te: Concp'tratiuns ni,n2,n 3 of free species

Cu, le, (dashed Lites) and associates Cu 2Te, (lower full line)
There is thus an asvmmetry in K versus x: K<<Km,.iei f!7, thermodynamic model eq.(1).Interaction parameters:

near x, and on the minority side for either con~ii.uc~i A or B. W12=-30, Wi 3=+10, W 2 1=0, AHCuTe=- 6 6 , ASO=0; in

Since re (x) behaves symmetrica"i,, see fig. la and eq.(4), the KJ/mol, T=1400 K. Upper full line: fraction of associated
a ,milctry tb t,, be ascribed to the factor <I D0) 2>tf ofeq. atom, (jL+v).n/[(,u+v)n3+nl+n2].
i4 I it rmist be small on the minority side.

lhis is, in fact, exactly what one expects if bond formation V
SCCurs ain the system behaives according to eq.(1): On the . -*

minority side of A (i.e xl<(x,) ) virtually all A atoms are -

,)ind in associates, Plfre,, 0 . The outer electrons which
atom A used to contribute as conduction electrons, when A - -

waas in the pure liquid metal A or was the majority component ,

ix,>(x,)1), are now engaged in bonds. They are no longer at "
i c no longer polarizable, and thus do not contribute to the ___.___

shift K (A)'

< !) 2>rf _ 0 for A B (5) . , C.?

Ihe same argument works for B on its minority side. The
shape of the curves K(A), K(B) vs. x,T is then fully deter- Fig.b: Knight shifts of Cu, K(Cu) and of Te, K(Te) in liquid
nined by the thermo ynamic parameters (AIIc, Wij etc.) Cu-Te, with experimental points from Warren (1973);
which are obtained independently from the thermodynamic '= 1400 K. The curves are calculated as described in the text.
data AIl(x) etc.. For a more detailed description of the calcu-
latin we refer to Ott et al. ( 1989). - .. .

This quantitative connection between thermodynamic Z i"
data (AH(x) etc.) and microscopic observables (K(A), K(B)) 1 .2, 1.0
has become possible by the two-step parametrization occu- . ,
ring for emIs (1), (2), (3) and (4). For the case of Cu-Te this
apprach reproduces the experimental Knight shift data over
the whole composition range (see fig. lb). Equally good agree- 0.6 ., : - 0.5

ment is achieved for Sn-Te (Ott et al. 1989b), Au-Cs and
C's -Sb (Ott et al. 1990a). For the case Au-Cs see fig.2. - It
should be noted however, that two similar tight binding . __ .0
approaches icluding local densities of states (Geertsma 1982,
and particular for Au-Cs Franz et al. 1980) have also 0.? 0.4 0s 0.8 1.0

prdiced an asymmetric curve K vs.x. While there is CS

qualitative agreement in the calculations, the differences may Fi": Knight shift of Cs in liquid Au--Cs alloys, data from
well be within the accuracy achievable in future experiments. Dupree et al. (1980) T=873 K.. Full square: K(Au), from

Carter et al., 1977 T=4 K. Model calculation based on eq.(1)
-(4), from Ott et al. (1989).



110

liquid metallic alloys gave for the first time a possibility to
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Abstract. -

Liquid alkali metals alloyed with either Pb or Sn show remarkable features in the electronic, ther-
modyna ic, and structural properties at the "octet" composition and/or the equiatomic composition. A
review of these properties will be presented, with special emphasis on the complementarity of information
obtained from different experimental results. Recent molecular dynamics simulations of the structure
and dynamics of the equiatomic alloys reveal interesting insights into the atomic structure and explain
results obtained from inelastic neutron scattering.

1. - Introduction. - been carried out with electrical transport mea-
In a recent review, Saboungi et al. (1990) surements, calorimetry, neutron diffraction, in-

In arecnt evie, Sbougi e a! (190) elastic neutron scattering, and computer simula-
have discussed ordering in liquid alloys with a tineurnaeri es obser inuea

tion. Tihe remarkable properties observed in each
special emphasis on experimental methods of char- case can be ascribed to the formation of complex
acterizing the nature and extent of such order- ions M- first proposed by Zintl. In this picture,
ing. Indeed, liquid alloys display a rich variety of t

atomc ad elctrnic truture. A oneexteme the M atoms acquire a fifth valence electron from
atomic and electronic structures. At one extreme the alkali metal and form tetrahedral complexes
are alloys with chemically similar constituents, with threefold coordination according to the (8-

which undergo relatively small changes on mix- N) rule.

ing; in these cases, the local structure is not too

different from that of the pure elements, and the In what follows, we will review experimental
changes in transport and thermodynamic prop- results, along with molecular dynamics simula-

erties can be described in terms of small devia- tions.

tions from ideal behavior. When the constituents 2. - Experiments. -
are chemically dissimilar, e.g., as characterized by A battery of experimental techniques have
electronegativity, charge transfer becomes possi- been used to define the physicochemical prop-
ble and the structure and properties of the al- erties of these systems. The electrical conduc-
loys display features analogous to those observedin molten salts. In the extreme case when the tivity apparatus has been described in detail by

van der Marel et al. (1980), Meijer (1988), and
chemical interactions become especially strong, Calaway and Saboungi (1983). The thermody-
complex ionic species can be formed on alloying, namic properties have been derived from a com-
characterized by remarkable geometric arrange- bination of electromotive force (emf) measure-
ments of the atoms, dramatic changes in the elec- ments and calorimetry. In the emf setup, both
trical behavior, and large anomalies in the tem- liquid electrolytes, such as LiCl-KCl or LiCl-LiF
perature dependence of the thermodynamic func- eutectics, and solid electrolytes, such as Na, K,tioetis, asuchli asetspecificuchaheat.K
tions, such as specific heat. or Rb-substituted -A12 0 3 , have been used. In

Equiatomic liquid alloys of the form AM, the latter case, a coulometric titration technique
where A is an alkali metal and M a Group-IV was followed to oxidize or reduce the alkali metal
element, such as Pb, Sn, Ge, or Si, provide fas- at the reference and working electrodes. High-
cinating examples of the extreme behavior asso- temperature drop calorimetry was used to con-
ciated with strong interactions and complex ion firm the anomalously large values of the heat ca-
formation. Extensive work on these alloys has pacities derived from emf measurements. This
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technique, which was proven (Fredrickson et al., of these liquid alloys. Perhaps the most illustra-
1966) to yield data of extremely high quality, was tive function is the excess stability, ES, advanced
used to measure the melting points, related ther- first by Darken to characterize ordering in solu

modynanic functions, and temperature depen- tions, ES = (d2 AGE/dX?) j lU_(a ln-yi/yXi),
dence of the heat capacity. Finally, the static and where 1, and X, are the activity coefficient and
dynanic structure was measured using pulsed neu- atoniic fraction, respectively. Figure 2 shows the
trolls at the Intense Pulsed Neutron Source at excess stability as a function of composition for
Argonne National Laboratory. To complement four alloys A-Pb with A = Li, Na, K, and Rb
these measurements and fully exploit the data, (Saboungi et al, 1985, 1986; Tumidajski et al.,
molecular dynamics simulations of equiatomic liq- 1990). The behavior of ES parallels that of the
,id alkali-led alloys were carried out to calculate electrical resistivity; how "or, the shoulder ob-
the structure anti atomic motions. served in NaPb becomes more prominent in the

3. Results. - ES function. Note that no data are available
for Cs-Pb, due mostly to experimental difficul-

3.1 ElectricalTransportProperties. - ties; the unavailability of either a solid electrolyte,

The electrical conductivity of tile alkali-Pb such as Cs-substituted 3-alumina, the fact that

alloys and its temperature dependence have been Cs and its alloys have a high solubility in the

measured as a function of composition by Meijer cesium halides (Bredig, 1964), and a high vapor

et al. (1985. 1988, 1989), Nguyen and Enderby pressure render the thermodynamic investigation

(1977), and Calaway and Saboungi (1983): the re- of such a system by emf measurement techniques

suilts for the electrical resistivity p and the deriva- almost impossible. The high accuracy of the inea-

tive (dp/dT) are shown in Fig. 1. In tile case of surements shown in Fig. 2 stems from the fact

Li-Pb and Na-Pb. a peak in p and dp/dT is o- that (i) the coulometric titration technique was

served at the "octet" composition. A )Pb, which used, and (ii) the cells were operated at constant

correspon(ds to a charge transfer of one electron temperature.

froii each of the alkali atoms to a Pb atom, lead- When the composition of the alloy was kept
ing to at closed shell configuration on both ions, as constant and the temperature cycled randomly,

in a molten salt. In the case of Na-Pb, an addi- entropies ASm and excess entropies AS" were de-

tional featuire, a shoulder at the equiatoniC coin1-poitionapear, hiheco the muiaominora- rived. Figure 3 gives the variations of these ful(-
fosit io appears, which becomes the main peak tions with com~position for K-Pb and Rb-Pb. Two

for KPb, RbPb, and CsPb. The electrical con- remarks are in order. First, the negative values
Fuctivity for these two latter alloys (not shown in taken by AS... are unusual for metallic alloys, but
Fig. 1) reaches a ulaximnim value of 2200±_1(t0 Ilore common for ionic systems (Blander. 1964);
and 70001200 jqlcm, with d1p/dT =-18 and ioecmofrincsstn (ldr,16)

second, the V-like shape of ASE and tile cusp-
- 115 pllcni K -~respectively, which are char- like shape of AS,, are typical of ordered solutions.
acteristic of liquid semiconductors according to So far, the conclusions reached from these them-
Mott and Davis' (1979) classification of liquid al- modynamic measurements are in full agreement
loys. Geertsma et al. (1984) have interpreted with those deduced from the electrical transport
the behavior of the alkali-mead alloys by suggest- measurements, showing the presence of ordering

ing the formation of Zintl ions (Busmann, 1961) in these alloys.
for which charge transport takes place within the
ions rather than through the metal as a whole. At an average temperature, the excess heat
Each Zintl ion is formed by a Pb tetrahedron sur- capacity ACp was evaluated and is shown in Fig. 4
rounded by an alkali-metal tetrahedron oriented for K-Pb and Rb-Pb. The dramatic increase of
in the opposite direction. ACp around the equiatomic alloy has been ob-

served for the first time in an alloy. An interpre-
3.2. - Thermodynamfic Properties. - tation of this unusual composition dependence of

As mentioned carlier, both emf measurements ACp was advanced, based on the dissociation of
and calorimetry have been used to derive, as accu- structural entities. The magnitude of the heat
rately as possible, the thermodynamic properties capacity at the equiatomic composition and its
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temperature dependence have been confirmed by scattering vectcr of the first peak in the struc-
independent calorimetric measurements (Johnson ture factor scaled by the nearest-neighbor dis-
and Saboungi, 1987; Saboungi et al., 1988a). Fig- tan( e and the mean atomic spacing falls into a
ure 5 shows the heat capacities for the four liq- certain range characteristic of the type of order-
uid alloys. Both the large values of (-, and its ing involved (Price et al., 1989, Sab,-ungi et al.,
rapid decrease with temperature above the melt- 1990, Fig. 8).
ing point give strong support to the formation of It should be mentioned thaL inelastic neutron
structural entities in the liquid. A quantitative
model prepared by Geertsma (private communi- scattering measurements, coupled with calcula-
matol paed y therertsa (privations of atomic motions by molecular dynamics

simulations, have been performed recently. The

Al'- - 4M- results, which are beyond the scope of this review,
are reported in Toukan et al. (1990).

4, ± 4 3.4 - Molecular Dynamics Simulations. -

make it possible to explain the curves Gf ACp A wealth of information on he atomic distri-
versus temperature and estimate the fractions of bution of any binary alloy system can be derived

issociated tetrahedra as a function of temper - from a knowledge of the partial functions, e.g.,
tur". The results are similar to those of the pe-l the three partial structure functions and their
nomenological model prol)osed by Saboungi et al. corresondig radial distribution functions in real

3.3. - Neutron Diffraction Results. - space. Since isotopically substituted samples are

The existen,'e of complex ions, e.g., polyva- not readily available for these systems, molecular

lently charg(-.l anions, has been demonstrated on dynamics simulation of the structure was carried

the atomic scale by several neutron diffraction ex- out by Reijers et al. (1990). The system con-
periments. Figure 6 shows the measured total sisted of alkali atoms and Pb4- Zintl ions, inter-
structure factor S(Q) for the alkali-metal-lead al- acting according to a simplified Tosi-Fumi poten-
loys. The pronounced first sharp diffraction peak tial (Tosi and Fumi, 1964). The lead atoms were
at low scattering vector (Q-1 A- ) is indica- taken to exist as preformed tetrahedral units with
tive of relatively long-range order associated with the Pb atoms held together by harmonic springs.
the formation of structural units. The results of For further details, the reader is referred to the
niodel calculations. based on units consisting of a works of Reijers et al. (1990) and Saboungi et al.
thl Zintl ion with a larger compensating tetra- (19881)). The partial structure factors show that
hedron of .1 A' ions and arranged according to the Pb-Pb system contributes most to the FSDP
the structure found in the crystalline phase, are with minor contributions from the A-Pb system.
shown by continuous ,'olid and dashed lines in The strucc-ze of NaPb could not be reproduced
Fig. 6 and seen to give an excellent represe-.tation unless a sigi'ticant amount of dissociation of the
of the data. The height of the first p,-ak measured Pb4- ions was assumed. Finally, triplet angular
as a function of teml)erature in KPt) falls with correlations of the A, Pb, and CM (CM being the
increasing temperature, consistent with the dis- center ef mass of the 'b4 tetrahedron) were cal-
sociation of the Zintl ions deduced from the emf culated: the results coh'rm the tendency for A +

and calorimetric measurements (Saboungi, 1987; atoms to lie opposite the faces of the Pb4- tetra-
Fig. 7). Finally, measurements of S(Q) for var- bedra in a fashion similar to that observed in the
ions K-Pb composition by Reijers et al. (1989) crystalline phase.
show that the first sharp peak decays with depar- - Conclusion. -

ture froii the 50:50 composition, giving support

to the concept of ordering in solution as evidenced In this review, we have summarized the phys-
from the variations of ES and ACp with corn- icochenicdl properties of a special class of liquid
position. A powerful method for distingulishing alloys. The V.'.havior of the liquid alkali-metal-
between these different kinds of ordering is pro- lead alloys is mimicked to a great extent by liquid
vided by the structure factors measured by neu- alkali-metal-tin alloys, where it was shown that
tron or x-ray diffraction, where the value of the .he Sn4 - ions form and are even more chemically
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Abstract -

The authors have developed a new calorimetric method, "solute-solvent drop
calorimetry", which has proved useful in the study of intermetallic and other refractory
compounds. This method involve the dropping of small capsules which contain a
solid mixture of solute and solvent from room temperature into a high-temperature
calorimeter, where they generate a homogeneous liquid mixture. The "solute" is either
the refractory compound or a mechanical mixture of its constituent elements. In our
studies of irtermetallic compounds the "solvent" was usually a mixture of platinum or
palladium with germanium. The development of this method will be outlined and its
application to intermetallic compounds of Group IVA metals with platinum group
metals will be reviewed.

I. - Introduction
It is well known that the available information on the transition metals, we did not succeed. Among the borides of

standard enthalpies of formation of intermetallic and related interest was LaB6 , a well-known electron emitter which is
compounds leaves much to be desired. An important reason frequently used in high current density cathodes. Unfor-
for this is that the thermochemistry of most of these com- tunately, this compound did not dissolve in liquid copper at
pounds cannot be studied effectively by the classical methods 1400 K or in any of the other liquid alloys that we had tried
of combustion and room-temperature solution calorimetry. In using regular solution calorimetry. Furthermore, since LaB6
alloy thermodynamics high-temperature liquid metal solution is very refractory and has a melting point near 3000 K, this
calorimetry has to some extent improved this picture. How- compound was not a good candidate for direct synthesis
ever, this approach, which has been very useful for non- calorimetry at our operating temperature of 1400 K.
refractory alloy phases, has had little impact in the area of In 1983, while we were working with LaB6 in our
transition metal intermetallics. For such compounds most of Calvet-type high temperature calorimeter near 1400 K, we
the reported thermochemical information has been obtained discovered by accident that at this temperature LaB6 readily
either calorimetrically by direct synthesis from the elements forms a liquid alloy with platinum. This suggested to us a
or has been derived indirectly from high temperature e.m.f. possible new approach to the thermochemistry of refractory
or vapor pressure measurements. borides. We proceeded to use this approach to measure the

In direct synthesis calorimetry one usually first prepares standard enthalpies of formation of LaB 6 (Topor and Kleppa,
a compressed pellet of the desired composition from powders 1984) and of several other refractory borides (Topor and
of the two elements. This pellet is brought to che,,o-al reac- Kleppa, 1985 a,b; 1986 a).
tion by raising its temperature so that a reaction is initiated; The physical basis of this new method, "solute-solvent
the heat effect is then measured calorimetrically. Such meas- ti-op calorimetry", is very simple. It rests on the fact that the
urements may be t.amAid oui either at or near room tempera- binary system boron plus platinum has an extensive liquid
ture by heating the sample in a furnace which is completely range near 1400 K, and that these liquid alloys may act as
enclosed in a calorimeter (see e.g. Capelli et al. (1974)) or solvents for many refractory metals. In each experiment
by dropping the pellet from a lower temperature (often these "solvents" are generated in the high temperature
298K) into a high-temperature calorimeter (see e.g., Gachon calorimeter by dropping the components in from room tem-
and Hertz (1983)). In either case, unless the reaction product perature. The "solute" consists of the refractory compound
is a congruent melting compound, which is melted in the which is being studied or of a mechanical mixture of the two
course of the experiment, there are often questions regarding elements. While this method originally was developed for
the completeness of the reaction and hence about the refractory borides, it has also been used for silicides (Topor
significance of the results. It is for this reason that Gachon and Kleppa, 1986 b; 1987 a; 1988 d; 1989 b) and most
and Hertz, in their early work on intermetallic compounds, recently for intermetallic compounds (Topor and Kleppa,
characterized some of their values as "indicative". 1986 c; 1987 b,c; 1988 a,b,c,e). For silicides our solvent

Our research group in Chicago has a long-standing usually has been an alloy of platinum or palladium with sili-
interest in the thermodynamics of refractory meterials and con, while for intermetallic compounds we now prefer plati-
intermetallic compounds. About 10 years ago we initiated a num, palladium or nickel with germanium. There is a dis-
research program in the thermochemistry of refractory tinct advantage in the fact that pure germanium is liquid at
borides based on solution calorimetry in a liquid copper sol- our calorimetric temperature of 1400 to 1500 K.
vent. In this way we succeeded in measuring the enthalpies
of formation of a number of late transition metal borides
with good precision and accuracy (Kleppa and Sato, 1982;
Sato and Kleppa, 1982). However, when we attempted to
extend such measurements to borides of some of the early
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2. - Experimental During the past three years we have experimented with
2.1 -Calvet-Typecalorimeter a new high temperature calorimeter which represents amodification of the improved versions of the Setaram design.

Our early measurements of transition metal borides were This new calorimeter has been used extensively in our work
all carried out in our Calvet-type twin calorimeter h~car 1400 on intermetallic compounds. The apparatus was described in
K. This unit, which was constructed some 15 years ago has some detail in a publication which appeared last year
been used nearly continuously since that time. The crucial (KIeppa and Topor, 1989 a). We will limit ourselves here to
calorimetric jacket is construct4d frr. , (,N of "I S -n Je b i:s principal Laturcs. The "hcar" of tw n.
thick' ib.. hcs, each about 19 cm in diameter, which calorimeter is shown in Fig. 1 which gives an overall view of
together generate two cylindrical wells which house two the "working section" and the "reference section" of the unit.
nearly identical Calvet-type calorimeters. The two calorime- The calorimeter is constructed from a tube of recrystallized
ters each has a thermopile built from 64 Pt-Ptl3%Rh thermo- alumina, about 29 mm O.D., 23 mm I.D. and 76 cm long,
couples; these measure the temperature difference between one end closed. On the outside surface of this tube have
the calorimeter proper and the surrounding alumina jacket. been ground 40 shallow vertical grooves to allow the place-
The whole cylindrical unit is completely enclosed in a fur- ment of a 20 couple thermopile shown schematically in Fig.
nace with three independently controlled heaters: top, bottom I (only half the junctions are shown).
and main heater, all heaters are constructed from Pt 40% Rh
wire.

The two thermopiles are connected in series, but bucked
against each other. Therefore a minor change in the overall
temperature of the alumina jacket should influence the two
twin calorimeters in the same way, but with the opposite
sign. Hence theory indicates that minor temperature distur-
bances of the calorimeter jacket should give rise to little drift I
in the overall calorimeter system. This is the theory. For
Calvet-type twin calorimeters operating at room temperature,
or at moderately elevated temperatures, with jackets con- -
structed from high thermal conductivity metals such as CD
copper, silver or aluminum, this condition is frequently real- , - E
ized. However, our jacket is constructed from sintered E
alumina; hence the ideal conditions assumed in theory are E I
not realized. Furthermore, "at high temperature everything o
reacts with everything else and they also become electrically I -
conducting". In fact, our twin alumina calorimeter, when -
operated at high sensitivity at 1400 K frequently would not
have adequate base-line stability to yield the desired preci-
sion and accuracy. This prompted us to develop a new
high-temperature calorimeter specifically intended for use in
solute-solvent drop calorimetry.

2.2 - Setaram-type calorimeter I
At the present time it is possible to purchase, at very 0

considerable cost, a differential high temperature integrated T
heat flux calorimeter which allows calorimetric measurements
at temperatures up to about 1800 K. This calorimeter is pro- I

duced by Setaram in France, and has been available commer-- - - -
cially for many years. In this unit the thermal effects are I
measured differentially along the axis of the cylindrical _
calorimeter, rather than radially as in the Calvet-type
apparatus. The 'working' junctions of the differential ther- I p

mopile surround the crucible in which the reaction takes
place, while the 'reference' junctions are maintained in a I
constant temperature environment some distance removed
from the crucible. Unfortunately, most investigators who 1. 9
have used this equipment have complained about difficulties
associated with precise calibration, and the number of Fig. 1. Schematic view of calorimeter section ('working sec-
scientific publications which have resulted from its use is tion') and 'reference section' of the new calorimeter.
small. The reasons for this are now fairly ,ll understood:
the construction of the differential thermopile in the Setaram Twenty thermocouple junctions are distributed over the
calorimeter does not satisfactorily irtegrate the heat flux over wnt thooupe c toae dtiedioveret
the surface of the crucible in which the reaction is carried 'working section' of the calorimeter, located at five different
out. The calibration factor of the calorimeter therefore levels, about 20 mm apart. The other 20 junctions are placed
depends critically on the amount of material contained in the at the same level near the closed end of the calorimeter tube,
crucible. Investigators active in this area have recognized forming the 'reference section'. The couples were made
this, and have made modifications to the Setaram design. from 0.5 mm diameter Pt-Pt 13% Rh wire, purchased from
We are familiar with at least two French groups which have Engelhard, and were cemented into the grooves with morgan-
addressed these problems (Hatem et al. 1981; Gachon and ite cement. Two long platinum wires, cemented into two
Hertz, 1983). However, even in these modified versions of parallel grooves in the alumina tube, carry the differential

e.m.f. to a constant temperature Dewar. Here junctions arethe Setaram calorimeter there is still poor thermal coupling made to copper wires connected to the amplifier. The outputbetween the crucible in which the reaction takes place, and of t amper is n ec it t hepere and
the thermopile. of the amplifier is fed in parallel circuits to the recorder, and

through a voltage-to-frequency converter to an Apple IlIe
computer.
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All calorimetric experiments are performed inside a spe- --------
cial calorimeter 'liner' of 20 mm I.D. The lower part of this o Present work
liner is constructed from Pt-20% Rh tubing about 0.5 mm + Gicho et of PHt

wall thickness, total length about 80 cm, one end of which is - Go.,,ot0o er at
closed. The upper end of the liner is connected to a thin- -200 - ,eott et /-
walled stainless steel tube, and has a standard ground joint. RhHt Pt?.

The lower end of the liner contains the BN crucible assembly RUM fZ,//
in which experiments are carried out. Details of this arrange- ,? ---.
ment die snoo.., in Frt. 2. The .'," 1oct-' of the liner i. / T, ".r. *

adjusted so as to maximize the e.m.f. generated by the E -150 - R RhZ, _
calorimeter therrmopile. RO T dHt

SAMPLE ,oo, z,

-100 Pd-I.-

t!-- - CoH 'tl 'Colt Colt H

A Argon +Fe , ti
_______ Pt-2ORh , L

Tinr Zr Hf Ti Zf Hf Ti Zr Ht

Fig. 3. Systematically based plot of standard enthalpies of
formation considered in the present paper. Gachon et al.,

-- Stainless-steel 1985, 1986; Gomozov et al., 1986; Henaff et al., 1984.

Zirconium . I Alumina 0.05 Pt-f(s, 298) + 0.26 Pt(s, 298)

+ 0.64 Ge(s, 298)

_ Graphite = Hfo.0 5Pto0 3 1Geo.64 (l, 1473) (1)

8 Boron Nitriide 0.05 Hf(s, 298) + 0.31 Pt(2, 298)
+ 0.64 Ge(s, 298)

[ = Hf0.05Pt0.3tGe 0.64(l, 1473) (2)
-[ On the basis of six measurements fr caj, of these reactions

Alloy we derive the follo%4:.g ,athalpy changes, with reference to

one mole of PtHf

AH"*(1) =624.3 11.0 k mol -

AHm(2) 397.0 + 7.3 kJ mol -

___-22- combining eqns. (1) and (2), we obtain
A-I o(PtHf) = AlH. (2) - A-I. (1)

Fig. 2. Schematic diagram of the calorimetric cell assembly, =-227.3 ± 13.2 mol- l .

showing part of the Pt-20Rh liner, the boron nitride crucible,
the boron nitride protective cylinder and stirrer, and the Note that the mean values of AHIm(l) and AH(2) are
alumina protective crucible and protective cylinders, as well associated with errors (standaid deviations) of about 1.8%.
as parts of the final gettering system for the argon gas. The corresponding uncertainty in AH7(PfHf) obtained from

(82 +82)f2 was 5.8%. In comparison, the corresponding
value for this compound quoted by Gachon et al. (1985)
was -226 Id mol - ]. However, these authors were uncertain

Calibration of the calorimeter is achieved by dropping aout the poabl err ths au hich was uotas
weighed pieces of 3 mm diameter pure copper wire from about the probable error in this value, which was quoted as
room temperature into the BN crucible (see Fig. 3). The "indicative".
calibration is based on the heat content of the copper at the
operating temperatures of the calorimeter and is generally 3.- Results
reproducible within ± 1%. A summary of all the experimental results obtained in

the course of the present investigations is given in Table 1.
Example of application For each intermetallic compound studied this table shows the

We first used the new single unit differential calorimeter composition of the liquid alloy formed in each series of
to determine the enthalpies of formation of PtMe (Topor and measurements, the average values of AHy with the standard
Kleppa. 1988 b) and lrMe (Topor and Kleppa, 1988 c) at deviations calculated from measurements corresponding to
1473 ± 2 K (Me = Ti, Zr, Hf). The three Pt compounds had eqs. (1) and (2) above, and finally the weighted mean values
recently been studied by Gachon et al. (1985), who used of Al-If with the calculated standard deviations of the
direct reaction calorimetry. In our calorimeter we measured weighted mean. The last column of the table give the per-
heat effects which ranged from 80 J to 200 J. For example, cent relative error indicated for each reported mean value of
in our investigation of the inteimetallic compounds PtHf, the AH-I. It will be seen that for most compounds the relative
following two reactions were carried out in the calorimeter errors -are about ± 5% to ± 6%.
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A systematically based graph of our experimentalTALI
enthalpy values is presented in Fig. 3; this figure also showsTAL 1
earlier reported data taken from Gachon et al. (1985), from
Gomozov et al. (1986) and from Henaff et al. (1984). Summary of Experimental Data for the totermetallic Compounds

We first take note of the general agreement beiween our MeTi, MeZr, Melt (me =Pd, Rh, Ru, Pt, In), OsTi, Colt. Niff
new results and the earlier values of Gachon et at; this Comnpound Mcloog LUquid Alloy -Alf' -AH,' (-.)~ E00or
agreement ranges from excellent for RhZr, PdTi, PdZr and Tem~p,.C Coosposinon kln--I" U nmol-I %
PtHf, to fair for PtTi and PtZr; however, the agreement is not '- tco i 0- 0 ,i :^C2.5±=.9 !1-^_:^ 7
s-oiifactcry for PdJ-If. it is, alsu true titat the agreement iOd5C.SOn 13146
between Gachon et at. and Gomozov et al. for CoTi, CoZr TP 0 0 C~y 0.11.
and NiTi is very good, while that between Gachon ei al. and PdZ, 1602 Zr0 0 5Pd. 05Cu.oGOM 117.91±15.4 122.6o 7.0 5.7
Henaff et al. for NiZr is only fair. In conclusion, Fig. 3 Z,0 0PO0,C'n 0  123.7± 7.A

shows extensive agreements among the earlier studies, and PdHf 16l
0(p) Hf,,PCoG,,, 135.3t 8.8 134 St 748 5's

between the results of the earlier studies and our own; this Hf,,,Pd, 5C%,Ge, 132.7±17.0
strongly suggests that the enthalpy informnation displayed in RhTi 19 Ti0 R1ij COO 5GeO4 143.0± 9 8 6.9
Fig. 3 on the whole is correct. Hence the data in this figure
may, with confidence, be used as the basis for a geoneral dis- RhZ, -1900 Zf.jhjU.je4 151.8± 7A 4.7
cussion of the thermochemnistry of the families of irnermetal- PjHf -2290 Hfo WR0 5Co)45GO 45  190.7± 4.5 191. 6± 423 22
lic compounds under consideration. HfOOQ0 5 0 CO0 .JGO00  199.9±141I

RuT 2130 T._R00 5 PN02 0 Co0 . 120.3±13.7

Ti,,,R.,,,P40 Ge O 15311±17 4 153 9± 7 4 40Acknowledgemnents TO~.7d,,.j 125 .
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Abstract. -

N.M.R. experiments in liquid Cu-Ge and Cu5 oAg5 o-Ge alloys show

values for the Knight shift (K) which are substantially lower than
expected for free electron behavior. These deviations are largest
around x(Ge)=0.25 where also the enthalpy of mixing (Castanet 1984)
has a minimum. The observed changes in the Cu-Knight shift indicate a
reduction in the density of states (DOS) at EF of nearly 30% with
respect to pure copper and an even bigger reduction if one takes the
interpolated free-electron DOS for comparison. If part of the
occupied states at EF are shifted downward by an appreciable amount
the corresponding reduction in DOS at EF would account for the
observed AHmix.

In order to compare our alloys with other
l.-Introduction.- noble-metal polyvalent alloys investigations

of the electrical conductivity as a function

There is an increasing amount of data on of concentration and temperature have also
electronic anomalies in amorphous and liquid been performed. An analysis with the extended
alloys of group I or II elements with Zimann theory (Dreirach et al 1972) shows
polyvalent elements (Haussler 1983,1990, satisfactory agreement.
Terzieff 1989) . As a general rule most
pronounced deviations from free electron
behavior occur when the Fermi momentum matches
the wave vector introduced by structural fea- 2.-Experiment.-
tures of the liquid, i.e. 2 kF = qmax of the
interference function a(q) . The N.M.R.experiments have been done on

To our knowledge no one has tried to finely dispersed samples because of skin depth

derive the structure induced minimum in the problems. First the samples were alloyed in
density of states DOS which has been proposed quartz ampules of metals with 5N purity. Then
by Nagel and Tauc (1975) from N.M.R. the homogeneity of the samples was checked by
measurements, and to relate it to hermo- metallographic analysis before they were
dynamic properties ground to 40 pm powder. Finally the metal

A rather straightforward way of powder was mixed with about 3/2 the volume of
investigating the DOS is to measure the shift A1 2 0 3 and sealed under vacuum in quartz
of the N.M.R. line which is for an s-element ampules.
proportional to the e-tra magnetic field
caused by polarized conduction electrons The frequency shifts were measured with
(Knight shift). respect to solid CuJ and corrected for the

small chemical shift of CuJ as given by Carter
K = C*<I*(0) 12 )F*DOS (1) et al (1977).

From an analysis of existing data (Carter We used a commercial N.M.R. spectrometer

et al 1977) for the Cu-Al system there is (Matec) for pulsed N.M.R.in a field of 4-6 T,

evidence that The observed minimum in the together with a homemade tank which allowed
Knight shift can not be attributed to changes tuning and matching from 33 to 62 MHz. The

N.M.R. coil (7 turns, 11mm dia.) was made from
of <(*(0) 12> because it is seen in the same platinum ribbon of 3 mm width and welded into
way o both nuclei, 2 7A1 and 63Cu. a quartz tube which helped to prevent ringing.

To achieve a faster ringdown time the tank was
in order to study whether there is a used in an overcoupled mode. The coil with the

systematic trend in K and the heat of mixing sample is placed inside a furnace which
AHmix we have studied the ternary Cu-Ag-Ge carries a non inductive winding (NiCr-wire).
system . These illoys offer as an other The maximum temperature which could be reached
advantage that the role of a possible s-d was 1440 K. The temperatures are measured
hybridization can be studied, by changing the using an electrical shielded thermocouple in
Cu to Ag ratio, contact with the sample.
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Fig.l shows a typical free induction decay Fig. 3 presents the results for Cu-Ge and
for Cu& 4Ge 3 6 . The trace is the average of 2000 (Cu 5 0 Ag 5 0 ) -Ge. Due to problems in Lhe
'shots" (about 2 min.measuring time). For each production of sufficiently microcrystalline
frequency point 6 to 9 different carrier samples the N.M.R.measurements were limited to
frequencies around the resonance have been Ge-concentrations < 0.36 ; the continuation to
masur-9 and th- respective beats evaluated, concentrations where the curve is expected to
The accuracy of the derived res'nance approach again the interpolated free electron
frequency is ±0.5 kHz which results in a value (dashed line) as in the Al-Cu case,
relative accuracy for the Knight shift values remains for future work.
of ± 1%.

Furthermore fig.3 compares the thermo-
dynamic data for the ternary Cu-Ag-Ge system

Mai _ .with data for resistivity and Knight shift.
I I| The enthalpy of mixing AHmix(Castanet 1984,--- ---- ----- ................. Beja 1969, Predel and Stein 1971) shows three
-- characteristic features:

a) demixing tendency for the binary Cu-Ag
b) an asymmetric shape with the minimum

.at about x(Ge)=0.25 independent of the
Cu/Ag ratio17 .A __c) the absolute value of this Amix

-minimum shows a decrease as Cu is----- "-- ------- -- replaced by Ag

Of these effects, the second is the corollary
of the Knight shift minimum, and of the10 s resistivity maximum.

T/dlv 50ps

Fig. 1:
Cu-N.M.R.signal (FID) of Cu 64Ge 36 , 1356 K

Resistivity measurements have been -- -. .
performed by the method described by Gasser -

(1982) from the corresponding liquidus 160

temperature to 1470 K. CO E
E 120

3 -Results and Discussion.- 5 *- A~ AS

Before we turn to the results let us . 60
mention that one expects a different behaviour " o - O2Q0 V
for the resistivity if the double Fermi 20 --

momentum 2 kF is smaller, about equal or larger o , , ,
than qmax of the interference function, accor-

ding to the theory of Faber and Zimann; for a
review see e.g.Gfintherodt (1977).

Fig. 2 shows the concentration de-
pendence of K at fixed temperature for three
alloy systems, Cu-Ag (our measure-
ments) Cu-Al and Al -Ge (Carter et al 1977) ,
which correspond to the above mentioned cases.

it is seen that significant deviations 3

from free electron behavior are found when A
2 kF equals approximately qmax.

Fig.2: Relative 02 01 01 0., 1.0
30 changes of the

Knight shift as
z........ function of con- Fig.3: Resistivity, Knight shift and enthalpy

=0......... "centration:

....... - full circles: 
27 AI of mixing in the ternary Cu-Ag-Ge system:

W I half circles: 
63CU open squares: p(Ag-Ge),1273 K; dotted squares:

-... .. -, .. in Cu-Al,xxAl p(Cu 50 Ags0 -Ge) 1273 K; full squares:p(Cu-Ge)
-,0 squares: 2 7 A1 in 1373 K; dotted circles: K(Cu5 oAg5 0 -Ge) ,1373 K;

-20 ° Al-Ge,x=XGe half circles: K(Cu 5 0Ag5 0 -Ge) at the liquidus

0 triangles:6
3Cu in Temp.; AHmix (triangles) from Castanet (1984)

II 01 0,4 0,6 8. i,0 Cu-Ag, X=xAg at 1348 K;dotted lines Predel and Stein (1971)
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F: r the re.sist ivity as a function ofF,: r the all threeeas a fudstems ofFrom Knight shift data it is also evident
e a icn lr manner. Thisashae asees that the idea of a local DOS connected withhaein a similar manner. This shape agrees copudfrigtneywch asbn

w4 t resistivities as calculated with the compound forming tendency, which has been
exte nded Faber-Zimann theory using the same elaborated by Ott et al. (1990) for liquid

-rodure as in (Gasser 1902). The data for semiconductors, cannot be applied to our case

-e are in agreement with earlier data of because the assumed associates would cause

r'-ot et al. 1977 . different Knight shift trends in the con-
centration dependence of the two nuclei,

tiy be notec that for the magnetic particulay on their respective minority sides.

- e ity dev ations from the additivity

neo niJ been rc._-und in a series of gold From the discussion just given, one would
Al In, Au-Ge and Au-Sb (Terzieff

7-i. There the maximum deviation is shifted not expect any difference between Cu Ge and

lower cncentrations of the polyvalent e.g. Cu5 oAg 5 0 -Ge. Indeed K and the con-

elements as their valence increases. For ductility show negligible differences. However
, ny alleys he 2k,- qmax condition the systematic decrease of AHmix is of a
-rresponds to an conduction electrons per considerable magnitude, see fig.3. It appears

3-=m ratio (,,a _- about 1.8 (Haussler 1983) most logical to attribute it to the energy
w.ich explains the systematic shift, shift of the d-band with respect to EF. Note

that the energy gain which appears as nHmix ,
wig. 4 demon trate- that the same tendency would correspond for the (Cu/Ag)-Ge systems to

-l -is for C-i Al and (Cu 5 oAg 5 0 ) -Ge in an average downward shift of the occupied
K x' c-d Hmix curves, s-conduction electron states by about 0.050.1 eV

At t- -resent stage, a :lear correlation
-b n e demonstrate between the observed

et' m free electron behaviour of re-
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ORDERING OF L12, Cu4Pt DISORDERED BY COLD-ROLLING AND BY MELT-SPINNING
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+ LTPCM-CNRS UA29 Institu! National Polytechnique de Grenoble, BP 75, Domaine Universitaire

38402 St Martin d'Hres, France.
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Abstract

Ordering kinetics of disordered Cu4 Pt have been reexamined. Such reordering occurs in two
stages with stage I attributed to the mobility of excess defects and stage II to that of equilibrium
vacancies. It is found that mobile excess defects populations are higher in Cu4 Pt disordered
by cold-rolling as opposed to samples disordered by melt-spinning.The order-disorder enthalpy
Af-Iod is found to be = 0. 1 k Tc compared to A-IO-d = 0.5 k T c predicted by CVM.

1. Introduction superlattice intensity contrast increases with the

square of the difference in the constituents'In the framework of a european research atomic numbers. As such, while quite weak for

program, we study the re-ordering kinetics in
Ni 3 (Al-Fe) as reported earlier (Yavari and

LBochu 1989), it is very strong for Cu4 Pt
thermomechanical processes. Mitsui et al aoys. F i ss e -ray frction(198) pevioslystuded rderng n Cu Pt alloys. Figure I shows the X-ray diffraction
(1989) previously studied ordering in Cu4 Pt patterns of ordered L1 2 states of these two
disordered by quenching from the solid-state. alosIn this note we compare ordering of Cu4 Pt alloys.

The strong intensity of the Cu4 Pt superlattice
disordered both by cold-rolling and by rapid lines allows accurate detection of the degree of
queching from the liquid state. order from X-ray diffraction . Figure 2 shows
We also report on the ordering energy AHo-d the diffraction patterns for samples of the same

and compare it to the disordering energy AHd-o ingot disordered by moderate cold-rolling and
as measured by calorimetry by melt-spinning. It shows a total

disappearance of the superlattice Bragg peaks

2. Experimental procedure indicating the absence of L1 2 order and the Y"
phase in these samples . The pattern for the

A Cu 4 Pt alloy was prepared by melting cold-rolled sample also shows a strong <200>

together appropriate amounts of pure texture.

components in a cold crucible under purified We next studied the re-establishment of
argon gas. The ingot was then divided into two ordering in these samples by calorimetry
parts. One part was cold-rolled down to a (DSC). Figure 3 shows the thermogram for the
thickness reduction of 90 % and the other part sample disordered by cold-rolling. The curve
was melt-spun from a quartz tube onto a copper with the double arrows is the second heating
wheel in a helium chamber. Ordered and cycle. Consistent with the work of Mitsui et al
disordered states were then characterised by (1989), ordering occurs in two stages
differential scanning calorimetry (DS) and X- (corresponding first to heterogeneous, then
ray diffraction. homogeneous nucleation and growth of y'

3. Experimental results phase), producing exotherms with maxima at T
= 640 K and 800 K. Subsequently, at T > 900

X-ray intensities of fundamental Bragg peaks in K equilibrium disordering produces the

L12 type AB 3 alloys are proportional to fA + 3 expected endothermic effect with a maximum at

fB) 2 while those of the superlattice peaks scale T = 956 K (Tc = 1000 K). The sample is then
cooled in-situ at 320 K/min and then reheated to

with (f A - fB) 2 and the latter are by produce the double-arrow curve which shows.

consequence lower than the former (fi are the a weak endothermic effect occurs near T = 800
atomic scatttering factors). K indicating that the rapid cooling in the DSC
Since fi scale with the atomic number, the has retained a small degree of disorder which

disappears in this stage II reordering regime.
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Cu4Pt CU4Pt

S, ,.J i , cold-rolled J'j

mnelt-spun
2 E (Degrees) 29

" 25 3'6 5'2 58 15 23 31 n 4 5

Figure 1: Figure 2:
X-ray diffraction patterns of ordered L12 states X-ray diffraction patterns of cold-rolled (top)
of Cu4 Pt (top) and Ni 3 Al-Fe (bottom, from and melt-spun (bottom) Cu4 Pt showing total
Yavari and Bochu 1989). Superlattice peaks are absence of superlattice peaks (Cu Koa
in black (Cu Ka radiation). radiation).

Figure 4 shows similar results for the melt- sample than in the liquid-quenched sample, or
spun sample. One significant difference with the effective vacancy sink density is lower in
figure 3 is that stage II ordering is stronger in the former thus requiring longer diffusion
the melt-spun sample indicating that stage I distances for vacancy defects to reach the sinks.
ordering has left more disordered regions to be The vacancy supersaturatiun in micro-
ordered at higher temperature. Conversely one crystalline metals obtained by rapid quenching
can say that stage I ordering in the cold-rolled is expected to be very high (Van Mourik et al,
sample has resulted in near complete ordering. 1985)but the expected small grain size implies a
Stage I ordering is generally thought to occur at large sink density. In the cold-rolled sample the
low temperatures when vacancy defect dislccation density is expected to be high, at
supersaturated populations become mobile. As least of the order of p = 101 1/cm 2 giving
they anneal out to dislocations and grain
boundaries or cluster to form large immobile intersink distances of the order of 1/(p)112 

-

defects such as voids and stacking fault 30 nm which is lower than the grain size in
tetrahedra, they help order the surrounding melt-spun samples. Thus sinks are just as
regions with the nucleation of order occuring at numerous if not more. It would therefore
vacancy sinks (Mitsui et al 1989). Any appear then that mobile vacancy defect densities
disordered zones remaining after the annealing- are higher in the cold-rolled sample. This can
out of the quenched-in defects must then await be understood as follows : since these
stage II temperatures at which equilibrium vacancies are generated during deformation at
vacancies become mobile and of sufficient room- temperature via forced motion of certain
numbers. dislocation kinks and jogs, they are not

sufficiently mobile to move to meet each other
4at 300 K and to form large immobile vacancy

clusters, but in the melt-spun sample such

The fact that stage I ordering in cold-rolled diffusion is possible during cooling from high
samples results in more ordering than in melt- temperature.
spun san pies can be due to one or both of the Assuming single constant activation energies
following two reasons : either the mobile defect E, and Ell for atomic migration resulting in the
supersaturations are higher in the cold-worked heat release of each of the two ordering stages I
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and II, and using thermograms obtained at AH v is omitted as the diffusive jump attempt
different Leating rates, flom the displacement of frequency is no longer multiplied by the
the peak maxima with the heating rate (Damask vacancy form..:ion probability. The fact that
and Dienes 1963) we have obtained El = 1.0 eV
and Ell = 2.2 eV in agreement with Mitsui et al AE I = AHm 1.0 eV for stage I is in very
(1986). good agreement with our estimation of AHm
The activition energy E for atomic diffusion via from stage II kinetics confirms the present
equilibrium vacancy jumps is E = AH, + AHm interpretation aau excludes any major role for

where AH and edivacancies as reported elsewhere (Mitsui et al
formation AH mare respectively the 1989). The enthalpy released on ordering (-tageformtionand migration energies of vacancies
(see for example Shewmon 1963). Various I + stage 11) AHdO and the enthalpy AHod
empirical relations can be used to relate these absorbed upon disordering below Tc = 1000 K
quantities to the cohesive energy, melting have also been measured with AFId-o > - AHo-d
temperature, bulk modulus and other physical because of the exothermic contribution from the
properties. For Cu, El = 2 eV and for Pt, 1_ = annealing-out of excess defects. AHo d = 730
3 eV. such that our value Ell = 2.2 eV is within ana t of e tes ets. AHo-d 73
the right range for AtIm + AH in a disordered TJ f A. al ees re lain AHod to
fcc CuPt alloy. Generally, AHv > AHm I and if Tn for AB3 alloys predict AHo.d 0.25 k Tc
we take as experimentally determined for gold and AHod = 0.5 k Tc for Bragg-Williams

(Bauerle and Koehler, 1957), AHm= 0.8 theory and cluster variation method (CVM)
respectively (see discussion in Cahn et al.

All v , we obtain AHm 0.98 eV for stage II 1987).

ordering with E = All, + AHm= 2.2 eV. These valucs are to be compared with the

When the kinetics are controlled by the mobility present experimental relation AHo-d < 0.1 k Tc
of large supersaturated vacancy populations as for Cu 4 Pt. A low -' tail occurs on the
postulated for stage I ordering, E = AHm and disordering endotherms of the DSC

thermograms (see figure 4) which does not
reappear on tfie second heating cycle but creates

40 K/mi

A
0

] " I r [ r I

450 550 650 750 850 950
T(K)

Figure 3 : DSC thermogram of cold-rolled Cu4 Pt (-4) and second passage after quenching

in the calorimeter (--+).
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a shoulder on the endotherm ; this shows that he larger domains expected in the sample

disordering (y nt,cleation) which peaks at 956 heated in the calorimeter to T > Tc.it implies

K at our heating rate occurs more easily in me that like in the case of heterogeneous nucleation

anti-phase domaip structure of the reordered of ordering on defects as reported by Mitsui et

sample, that is likely to have a complex al (1989), disordering also nucleates
microstructure of microdomains, compared to heterogeneous, in this case on the remaining

anti-phase domain boundaries.

80 K/min

A
0

540 680 820 960

TEMPERATURE (K)

Figure; 4: DSC thermogram ot melt-spun Cu4 Pt (--4) and second passage after quenching in

the calorimeter (----).

Acknowledgement : This work was firin( -d by the EEC under the SCIENCE contract "Ordering

Kinetics".

References

-J. Bauerle and J. Koehler, (1957) Phys. Rev. 107, 1043
- R.W. Cahn, P.A. Siemens, J.E. Geiger and P. Bardhar. (198/) Acta Metall. 35, 2737
- A.C. Damask and G.J. Dienes, (1963), "Point Defec'; in Metal", Gordon and Breach, London.
- K.Mitsui, Y. Mishima and T. Suztuki, (1986) Philo. Mag. A 54, 501
- K.Mitsui, Y. Mishima and T. Suzuki, (1989) Philo. Mag. A 59, 123
- P.G. Shewmon,"Diffusion in Solids" (1963), Mc Graw Hill.
P. Van Mourik, 1'.H. de Keijer and E.J. Mittemeijer (1985), Rapidly Quenched Metals, S. Steeb

and H. Warlimont (eds.), Elsevier Science Publishers, p. 899.
- AR. Yavari and B. Bochu, (1990), Phio. Mag. A 52, 697



ANALES DE FISICA Serie B Vol. 86 1990 129

SHORT-RANGE ORDER-DISORDER TRANSITION IN A.Bb are the suspected associated species
LIQUID ALLOYS ACCORDING TO THE ASSOCIATED mainly responsible of the negative deviations

MODEL. to thermodynamic ideality according to

R.CASTANET
aA + bB A.Bb E C (0]

Centre de Thermodynamique et de
Microcalorim~trie du C.N.R.S. 26 rue du
l4leme R.I.A. , F-13003, Marseille, France (ii) The interactions between the

three species are assumed as independent with
respect to temperature and composition
(strictly regular associated model).

(iii) The standard enthalpy H0 and
1. INTRODUCTION. entropy SO  of formation of the A.Bb

associates are also assumed to be temperature
In the last two decades, many independent i.e. the standard heat capacity

careful investigations on liquid alloys of formation CP0 =0.
showed that in many cases their thermodynamic
behaviours are very sensitive to temperature. (iv) Finally the atomic volumes of
We pointed out as early as 1969 (Castanet, A and B are to be taken the same (V) and we
1969) that compound-forming tendency of melts assumed the additivity law for the volume of
with negative deviations to ideality is the the associates [V(AaBb)=aVa+bVb=(a+b)V].
rule rather than the exception. These melts
have strong negative values of the enthalpy From a practical point of view, starting
of formation, positive excess CP x s  of from experimental determinations of the
formation and the entropy of formation often enthaloy and free enthalpy of formation of
shows a minimum with respect to composition. the melt, we resolve numerically a set of
Application of the regular associated model three equations for each value of the nominal
to this class of binary alloys shows that mole fraction x of the alloy
such a behaviour can be attributed to the
temperature dependence of their chemical
short-range order and demonstrates that this ht (x,T) = NcH ° + l-(a+b-l)Nc 1
dependence, due to the destruction of (WABXAXB+W8CXBXC+wCAXCXA( [i]
associated species, takes place in a more or
less narrov temperature range according to gt (x,T) = NcH + 1l-(a+b-l)Nc I
the value of the standard parameters of IWA8XAX8+WBCXBXC+WCAXCXA I-TNcSO-TNcSSc t (2]
formation of the associates (Castanet et al.,
1984) . The aim of this paper is to show that ac
such a change of structure can be ascribed in GO = HO - TSO = RT Ln ( ------- -RT LnK (3]
many drastic cases to a genuine second order aAa a b

transition.
where sCflt is the entropy of configuration

2. ASSOCIATED SOLUTION MODEL. as defined later and K is the equilibrium
constant for reaction (0].

In its well-suited form to metallic
liquids the associated solution model was Replacing ai by 2(i/xi equation [3] can
mainly developed by Jordan (1970), Bhatia et be rewritten
al., (1974), Sommer, (1982), Clavaguera and
al., (1982) and Castanet et al., (1982 and
1984). The models developed by these workers HO + TSO + RT [lntc-aln -bln( ]
are fundamentally similar but we used a VU U
definition of the entropy of configuration in Xc
which the size difference between the + RT ln ( ------- = 0 (4]
associates and the pure components are taken XA 0XBb

into account and where the associations are
assumed sufficiently stable to be regarded as
persistent (The A and B atoms in the where RT ln K = gA

f1 x s 
= hA

f .
.S - TS ,0 s

associates cannot be exchanged with WARXW + WACXC - - T5A'
0 "

monoatomic species). Indeed, the correct
determination of the configurational entropy and XwX = WABXAXB + wBCXBXC + WCAXCXA

is a necessary condition for the assignement
of a physical meaning to the other git ., hi

ft8 and st'
,  

are respectively
contributions to the thermodynamic functions. the partial molar free enthalpy, the enthalpy
In particular the entropy of formation of the and the entropy of i.
associations and the temperature dependence
of their stability are strongly related to Th ,i equation (4] becomes
the configurational entropy. Then we used
here the regular associated model duveloped
in Marseille (Bergman et al. 1982). The basic H0 -TSO + wAr (XA-aXc) + wvc (Xo-bXc)
assumptions of the model are the following : Xc

- w.9(aXs+bXA) + (a+b-l)IwX + RT( -------
(i) The binary A-B melt is XaA Xbp

condidered as a terrary one where the species - T(scflxs -asA~'~
s 

- bseflS) = 0 (5]
in equilibrium are pure A and B and A.Bb.
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compare the influence of the three
definitions of the entropy of configuration.

02

3. SHORT-RANGE ORDER-DISORDER TRANSITION.

In order to simplify the problem we
assumed here that the binary interaction
coefficients wj = 0 (ideal associated
model). Then we neglected the regular
contributions to the heat capacity of the 02
melt. Indeed, even in the case of dwt j/dT=0,
these contributions take values different
from zero since the terms w jXiX1 in equation
[1] depend on the degree of aggregation of
the solution i.e. on the temperature.

In this case equations [1, (2] and
[3] become 0 400 8000 •

hf (xA,T) = NcHO [6]
Fig. 1. QuantitV of aso(iates A 2fS, N(-, A Ith res)ect to

with p S = HO dNc/dT temperture for x 2/3, Ho - -50 kJ.rnol-I, slont sI'
1
.

SO/.K .mo I () : 20 ; (2) : 10 . (3) : 0 : (4) : -10,

g
t 

(xA,T) = NcH
O  

- T{NcS
0  and (5) : -20.

+ [l-(a+b-l) Nc]sc°f [7]

Nc l-(a+b-l)Nc ia.b-l Fig.l shows the evolution of Nc
- - with respect to temperature for an

(xA-aNc)a (l-xA-bNc)b hypothetical ideal associated system Az (a=2
and b=l). It is obvious that the example

HO SO  1 given here is unrealistic since Nc is shown
expl- -- + -- +-(scf.X -asAt,xs-bsBf,xs)1 [8] up to 10 000 K i.e. in a temperature range

RT R R where the alloy became totally vaporized. The
different curves were obtained for

where the partial excess entropies of AaBb, A s
c

Onf=s
I 

f , HO=-50 kJ per mole of associates
and B depend obviously on the definition used and four typical values of so. The
for the configurational entropy. calculation was performed for xA= 2 /3 i.e. for

We used three different definitions the stoichiometry o' the associations. The
quantity of associates, Nc, (that is h t /H ° ),

s'/R = - lixiLnxt decreises when the temperature increases.
More negative is the value of SO and more

i.e. assuming that AaBb occupy only one site drastic is the destruction of the associates.
of the quasi-lattice and that the It is in the case of SO = -20 J.K-' .mol-1 that
permutations between free A or B atoms and A the temperature range where hf increases
or B atoms engaged in the associates are drastically is the smallest and that the
forbidden. In this case, the partial excess quantity of high-temperature remaining
entropies are equal to zero. associates are the smallest. In this case,

the excess heat capacity of the alloy
s i/R = -IixiLnoi exhibits a sharp peak in a narrow range of

temperature similar to a second-order
where et = riNi/liriNt and ri is the number transition. Such a peak has been shown
of atoms of the i specie. Such a definition experimentally by Geffken et al.(1967) in the
proposed by Flory (1942), as the first one, case of the Cd-Sb melts.
allows the permutations between free and The dependence on temperature of hf

linked atoms but takes into account the and gf for SO = -20 and +10 J.K- I .mol-' is
difference of volumes. shown on Fig.2. At T=0, Nc=i/3, hf = gt = -

Finally, the definition s' l l  50/3 kJ mol-'. gf first increases strongly
a+b [

Sct~, 00 R I--------b----
i+(a+b-l)Xc -i

and s -'XS SB
f

, S

= R Ln(l-Xc) - -R- Lni---------

a+b l+(a+b-l)Xc

taking into account the difference of volume
between free atoms and associates and __......

considering the" associates as permanent 0 2000 60 ._.

clusters. Fig. 2. Molar enthalpy and free enthalpy of formation
From typical values of Ho and SO, of the alloy with respect to temperature for x 2/3.

we calculated the enthalpy of formation of H
o -50 ki to1

-
. 5 Onf sll, a 2 and b 1.

hypothetical binary systems in order to S/.K- 1lol- 10 (curves I and 2) and -20 (curvcs 3
follow their variations temperature and and 4) ; gl : curves I and 3 , hf : curves 2 and 4.
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then decreases when T increases. Such a are given in Figs.3 and 4 (Castanet and
behaviour corresponds at low temperature to Bergman, 198"11. They definiLeiy show~ a
negative 7aliu-c ,f t -,s -- y of. formation transition in the melt near the eutectic
of the alloys, st=-dgt/dT, then to positive temperature. Unfortunately we could not apply
values at high teibperature. It is the case of the associated model to the system since
the Au-Si alloys as shown by Castanet at al. there is no available Gibbs energy data
(1978) and Allen et al. (1980). concerning the Ge-Ta liquid phase.

In many cases it is not possible to In the Ge-Te alloys there is
measure the enthalpy of formation in the probably only one kind of association, namely
whole range of temperature where the Ga2 Te. On the contrary application of the
transformation takes place because Mi the model to the Cu-Sb alloys (Mayer at al.,

1977; Said at al. , 1984) stated that there
are two kinds of associates (Cu3Sb with HO=-

4C- 28.6 kJ.mol-1  and SO=19.6 J.K-' .mol-' and
CuSb with HO=-0.22 kJ.mol-' and S0 =14.2 J.K-
.mol ) . Then the behaviour of these alloys

is more complicated (Fig.5 and 6).

V 7I

20 C C____ ___

oC ic- tS 1,a i.Ci.3t, o e- c a l i h

Fow teprtr Inarrt mola enohatpy oflo fottohoeh u bal

exeimna deemnain at hitgheetSOml rcinswt pc t eprtr

temper.ature., Hoeritl) w iioi) 2 .e succede i suc

mes rmentsifri eltite eutGe- c icri iatieys

alloys ir~ anid ~ de iig thie etalpy ofui formtaith n
fromir D ti- .Th results otin d inthis) way

a': 1rFil r4irr Excessi heati~ capahities. C,!£o '.iKr ofei iiqiuid
ISO iit'rrtu, ah alloysri ieerer toithiPuriliqidtrmp

lowco teoeatr partsio isrv locte belo thet tuy h
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Fe 1g Cii Slolr hr t-p~t, ) h er~ tt~ l o s ( alsare i t he pure) lihei apmlri irn osf

rpr,, (o p-ri (o i tir-, v~t~llr . he mnel lneoatd vaue the arroste c mur the kinrds
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I tbeliud pas n te brc sd u
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melt (Said et Castanet., 1978) at 9 short-range order at high temperature is the
temperatures between 737 and 1340 K. Up to smallest i.e. the value of the "enthalpy of

0V

0 051f '" / __ ___ _ i

/170-t//////

-2 /i

-2,020010 d000 T, 6000

-30 Fig. 9. Molar enthalp) of formation of the liquid alloy
with respect to temnrerature for x 2/3., 11

0  50 k]
tnol

-
1
, a - 2 and b 1, sconf - sill f(urve I arid 6).

sconf sI
I 

(curve 3 and 4), (oFif s ((ur e 2 anrd ),

So/J.K- I.mo1-1 - -20 (cures 1. 2 ario ) Arid
-40 _10 (curves 4, 5 and 6).

F-g 7 Integral molar enthalpy of formation of the In-Te iquid
alloy, referred to both pure hiquid components at 1340 K (0). transition :
1123 K ( and 987 K (9o

h = HO iNc(T=-)-Nc(T=O)I
987 K we did not observe any variation of hf

with temperature. The results obtained at is maximum as shown also by Fig.10 for usual
high temperature are shown on Fig.8. They values of SO (from -20 to +20 J.K - .mol-1 ).
state a strong temperature dependence on the
Te-rich side. We pointed out that when the -
temperature increases the minimum decreases
and its location is shifted towards the In- _-N.I

rich side. Such a behaviour is in agreement
with the density measurements of Thurn and 0 I

Ruska (1976) who pointed out that the maximum
of the volume of mixing decreases also when
temperature increases and is also shifted
towards the In-rich part. 01

C3O

Fig. 10. Lim.NC(T,_ ) witfh respect to SO  for x - 2/3
H0  

- 50 kJ.rnol-. - a - 2 and b - , conf - i

(curve I), s
I (curve 2) and sill (curve 3).

The more negative is SO and the higher is hr
but even at hig", temperature there is an

_,_________unnegligible residual short-range order.
1 These observations allow us to a better

Fig ; Excessheatcapacityoftheln-Tehliquidalloysreferredto understanding of the behaviour of the Cu--Sb

pure liquid components Curve 1 (1123 to 1340 K) and curve 2(987 melts. We pointed out experimentally that the
to 1123K) fromdirectreactioncalormetry Curve3lromada- destruction by heating of the two kinds of
batic calorimetry associates lead to a very weak increase of

the enthalpy of formation of the liquid : 0.9
kJ.mol-1 maximum (xsb = 0.35) i.e. only 16%

The previous results were obtained for of the value at low temperature. Then it
sc o nl=s5 lt i.e. using our definition of appears that 84% of residual enthalpy can be
entropy of configuration for strongly due mainly to undestroyed associates and not
associated alloys. The same calculations were to the interactions between the different
performed with s

c
onf=sl and I1. The species.

evolution of the enthalpy of formation as a
function of T is plotted on Fig.9 for S°=-20 4. CONCLUSION.
and +10 J.K-' .mole-I using the three
definitions of sc oof. As can be seen, our In conclusion we have to point out
definition is better suited to very strongly that the thermodynamic behaviour of an
associated systems since the transition associated liquid cannot be understood from
begins later and takes place in a more investigation in a too restricted temperature
restricted temperature range. The residual range only. Indeed the dependence on
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temperature can be divided into three
domains :

a) A low temperature region where
the enthalpy of formation is strongly
negative due to a high degree of association
.Ad where there is a very weak variaticn w~i ,
T. This range in many cases lies below the
liquidus temperature and is not available for
experimentation.

b) A middle range where associates
are very sensible to thermal agitation. The
melt undergoes a drastic change of heat
capacity which can be considered as a genuine
short-range order transition. The more
negative the standard entropy of formation of
the associates, the more restrictd the
temperature range of the transition arid the
less important the residual enthalpy of
formation at high temperature.

c) Finally a high temperature
region where the main part of the associates
are destroyed and where excess Cp is nearly
constant and close to zero (Kopp and Neumann
ia ) . Even at high temperature, associated
liquids do not become completely disorderd.
Still at high temperature there is some
residual negative enthalpy of formation due
to the persistence of non-negligible
quantities of associates.
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Abstract.-
The empiric parametrization of glass forming ability by use

of thermal, kinetic and thermodynamic information is discussed
for a binary and a ternary chalcogenide glasses. A triple
parametrization is proposed. The first one comes from the
temperatures of the transitions inherent to the glassy state and
includes as parameters the reduced glass transition temperature,
the second one uses the time needed, at the glass transition
temperature, to obtain a certain amount of crystalline phase.
The third one comes from the comparison between the Gibbs free
energy of formation of the glass and the melting enthalpy.

1.- Introduction stable crystalline solid solution (Bormann

The glass forming ability (GFA) of et al. 1988).

alloys produced by the application of rapid Parametrization of GFA from kinetic
solidification from the melt has been data comes from the assumption that under
discussed extensively from various view- isothermal conditions the fraction x of
points (Turnbull 1969, Uhlmann 1972). It crystallized material at a given time t
appears to be established that only a follows an equation of the type
limited range of multicomponent systems can
be solidified into an amorphous glassy stetc g(x) = k(T) t (1)
by the rapid solidification technique. Among where g(x) is a function which depends on
them, those that can be solidified into aglasy phse t raherlow oolng rtes the mechanism of crystallization and k(T) isglassy phase at rather low cooling rates
include the chalcogenide alloys, given by the Arrhenius expression

The aim of this work is to look into k(T) = koexp(-E/RT) (2)

the GFA of pure Se-Te alloys as compared to were ko is a pre-exponential factor and E
that obtained with some small additions of the effective activation energy.
Ge on them. The empirical parametrization of
the GFA is obtained as well from thermal and In the Johnson-Mehl-Avrami-Erofe'ev
crystallizaLion kinetic results as from model we have
thermodynamic considerations. g(x) = [-ln(l-x)] i "  (3)

In order to estimate the GFA various were n is the kinetic exponent.

thermal empirical parameters have been used According to equation (1) the lower
by several authors. The first one is the value of k(T) at a given temperature the
reduced glass temperature Trg=Tg/Ti, where longer the time needed to crystallize the
T9 is the glass transition temperature and glass at this temperature. Assuming further
Ti the liquidus temperature. This parameter that all glasses are in corresponding states
(Trg) ranges in general between 1/2 and 2/3, at Tg, the following empirical parameter was
the last value being obtained for very good
glass formers (Sakka and Mckenzie 1971). defined (Suriftach et al. 1984)
Another parameter used is the Hruby (1972) A = koexp(-E/RTg) (4)
parameter KqI=(Tp-Tg)/(TI-Tp), where Tp is
the temperature of the crystallization peak.
Good glass formers would have high Kqi then 1/R represents the time necessary at
values, the glass transition temperature to get a

value of x that conforms to g(x)=l.
Other parameters are fundamentally According to that and to the previous

kinetic like, for instance, the change in discussion, low values of A are indicative
Gibbs free energy, AG, in the cryst- of high GFA.
allization of the bulk liquid or driven
force for crystallization (Thompson and
Spaepen 1983, Saunders and Miodownik 1983, 2.- Experimental
Greer 1988). The thermodynamical approach is
used to calculate the Gibbs free energy of Glasses of the two following
formation of the alloy glass relative to the. compositions were prepared by air quenching:
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Se8sTeis and (SeasTeis)9aGe2. The alloy
glasses were obtained by melting weighed
amounts of the elements (5N purity) in
evacuated and sealed quartz ampoules. The
molten alloys were held at 1275 K for 12 -
hours and constantly agitated to ensure 0
homogeneity; subsequently they were quenched Z
in air at room temperature. The estimated
quenching rate at 600 K is about 102 K/s.
The glassy state of the sample was checked
by X-ray powder diffraction.

Differential scanning calorimetry
(DSC) was carried out in about 10 mg of a
powdered material in a Perkin Elmer DSC II

under pure dynamic argon atmosphere.
Constant heating rate experiments were
recorded at scan rates 9 varying from 1.25
to 40 K/min. Isothermal experiments were
performed at temperatures in the range
350-420 K. The systematic exploitation of
experimental data is described by Surifach
et al. (1983).

3.- Results and discussion
300 350 400 450 500

The DSC curves of the glassy samples T3K)
for a heating rate of 20 K/min are shown in T(K)
Fig. 1. The glass transition and the
crystallization exotherm occur prior to the Fig. 1.- DSC plots at a heating rate of
melting transformation. The experimentally 20 K/min:
determined temperatures Tg, of the glass a) Se-Te glass; b) Se-Te-Ge glass.
transition, Tp, of the crystallization peak,
and Ti, of the liquidus are reported in
Table 1.

The detailed study of the crystallization As explained by Clavaguera-Mora ana
kinetics is reported in a separate paper by Clavaguera (1989) a good glass former system
Suriach et al. (1990). The activation would have a value of AGf/AH. in the range
energy E, was deduced from non-isothermal 0.2-0.3. Therefore, this ratio was used to

measurements by the peak method (Kissinger characterize GFA. Due to the lack of
1956). The Kissinger plot of ln(S/TP) versus
1/Tp is shown in Fig. 2. The pre-exponential Se-Te-Ge system no Gibbs free energy of
factor ko, was deduced from isothermal formation was calculated for the Se-Te-Ge
measurements by the plot of ln[-In(l-x)] alloy glass.
versus lnt as shown in Fig. 3. Table 2 presents the values of the several

empirical parameters Trg, kgi, A and AGf/Hm
used to estimate GFA in both chalcogenide

The Gibbs free energy of formation glasses. The parameter Trq is rather
AGf of the binary Se-Te alloy glass was insensitive to small composition changes but
calculated using the assessed values of all the rest of the parameters calculated
Ghosh et al. (1988) who also give the are quite sensitive to the introduction of
melting enthalpy A, as a function of the Ge in the Se-Te alloy. The glass forming
composition of the alloy. For a SessTeis parameter kgi increases to about twice its
alloy, from the calculation, the value of value with small Ge addition in the Se-Te
the Gibbs free energy of formation at the alloy. Following the same trend, the time
glass transition temperature is AGr=2.04 (I/A) needed to crystallize the alloy at the
kJ/g-at while AHm=7.3 kJ/g-at. Therefore, glass transition temperature increases from
for the Se-Te glass we obtain AGr/AHm=0.27. 9X104 to 2x mru S.

Table i.- Temperatures Tg, of the glass transition, Tp of the
crystallization peak and Ti of the liquidus and effective
activation energy E, and logarithm of the pre-exponential factor
ln(ko), for the two alloy glasses studied.

Tg Tp Ti E ln(kol1
(K) (K) (K) (eV) ko in s

SeasTeis 330 385 540 1.2 31.0
(SeesTeis)98Ge2 338 446 550 0.8 15.6

At a heating rate of 5 K/min
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-8.0 - 0.5
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-11.0 b
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1 OOO/Tp ia- t

Fig. 2.- Plots of ln(6'/Tp) against 1/Tp for: Fig. 3.- Plots of In[-In(l-x)] as a function
a) Se-Te glass; b) Se-Te-Ge glass. of lnt from the isothermal results:

a) Se-Te glass; b) Se-Te-Ge glass.

Table 2.- Values of the empirical parameters used to
characterize GFA in the two alloy glasses studied.

Trg kgi A(s ,) AGf/AHm

SessTe15 0.63 0.31 1.lxIO0' 0.27
(SessTei5)9aGe2 0.66 0.70 6.2x10_6

At a heating rate of 5 K/min

4.- Conclusions

An approximate evaluation of the As expected, whatever was the
glass forming ability in Se rich glasses ofa
the Se-Te system with or without small paamseterued tood masufrer, thei Se ic
addition of Ge on them has been presented. glcasiaegoo glss ftes thei GFAditon
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STRUCTURAL AND THERMODYNAMIC PROPERTIES OF - both systems have been investiqated by
LIQUID ALLOYS AT THE EUTECTIC COMPOSITION calorimetry in the laboratory in order to
CASE OF THE GOLD-SILICON AND GERMANIUM- obtain the relative heat capacity in a large

TELLURIUM SYSTEMS . temperature range above the eutectic
temperature.

C.BERGMAN, C.BICHARA, R.BELLISSENT',
R.CEOLIN*", J.P. GASPARD-' and P.CHIEUX"*** 2 - Calorimetric study -

*LLB, CEA-CNRS - F-91191 Gif-sur-Yvette, 2.1 - Experimental
France

*'Facult6 de Pharmacie - F-37042 Tours, In both cases, the experimental
France procedure was the same ; the measurements

**Universit6 de Liege, Institut de Physique were carried out with a high-temperature
B-4000 Sart-Tilman, Belgium Calvet calorimeter. The determination of the

""Institut Laue-Langevin, B.P.156X, enthalpy difference r2 9 h = h(T)-h(298) was
F-38042 Grenoble, France performed by dropping solid samples ( 100

mg) at 298 K into the calorimetric cell at T
C.T.M., C.N.R.S., 26 rue du 141e R.I.A., under pure argon atmosphere. For each value

F-13003 MarseilleFrance. of T, the measurements were repeated about
ten times.

Abstract 6

Neutron diffraction measurements
have been performed on the D4B and D20
spectrometers at the ILL (Grenoble), on 4C

gold-silicon and germanium-tellurium alloys,
in the liquid state, at the eutectic
composition. In the Au-Si case, the total
structure factor shows the behavior of a
liquid metal without variation with
temperature ; for Ge-Te, the total structure
factor shows a prepeak followed by three 01
main peaks of quite similar amplitude at low 0W ,W T/.
temperature, presenting a remarkable
evolution when increasing temperature. These
results are brought together with the Fig. I- Molar enthalpy %ariation, A2 9 h, of the
relative heat capacities data previously e as

measured at the laboratory. Ak0.80S 0.20 etectic alo), with re~pe(t to T.

o Castanet and Berglian, 1979 ; a Cher) and Turnbuil,

1967.

1 - Introduction The calorimeter was calibrated by adding
small quantities of National Bureau of

In a review (Bergman and Standards a-alumina into the melt after each
Komarek,1985) , the importance of the series of measurements. These results have
relative heat capacity of a liquid alloy has been reported in more details in previous
been emphasized and presented as a sensitive papers (Castanet and Bergman,1979 and 1985)
indicator of the chemical short-range order (resp. for Au-Si and Ge-Te.)
(CSRO). The word "chemical" is usually
associated to distinguish the ordering 2.2 - Results
(here tendency for heterocoordination) from
the topological effects. Obviously, the The measured variation of the
diffraction experiments which yield the heat-content, 1W zeh = h(T)-h(298) of the
liquid structure factor, S(Q), related by Auo.aoSio.2o liquid alloy (resp.
Fourier transform to the pair correlation Geo.i5Teo0 5) is shown in the figure 1
function, G(r), which describes the (resp.figure 2) versus the temperature. The
probability of finding another atom at a values of the heat capacity, Cp, of the
distance r from an origin atom, are very liquid phase obtained by derivation and the
attractive for this purpose. values of the relative heat capacity (or

excess heat capacity), A Cp, calculated as
The aim of this study is to bring the deviation from the Kopp-Neumann rule are

together the experimental informations given in table 1 (resp. table 2) for the
obtained from both methods of investigation. Au-Si liquid alloys (resp. the Ge-Te liquid
Two different systems have been selected, alloys). These later values are calculated
the gold-silicon and the germanium-tellurium from the following relation
systems for the following reasons :
- both phase diagrams present an eutectic ( ACP = Cp - I xiCp.i (1)
xAu = 0.80 in the first case and xTe = 0.85
in the second one ) for which the existence where xi and Cp.i refer respectively to the
of CSRO is often correlated to the higher molar fraction in the corresponding alloy
stability of the corresponding liquid phase. and to the heat capacity of the pure

elements.
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Table I.

Smoothed values of the eutialpy variation from

40"- 298 K to temperature I-, of the heat capacity and

the relative heat (ala(ity of the Au 0 80Si0.20

1/K TIC AC

30, 298 -I -I -I -I4- k3 1 1 l - J K
- I  1 -1 1 K riol -

#7'.. h

- 0/ 625 17.74 148.7 I8.8
650 IS.95 47.9 18.0

20- 700 21.30 46.2 16.3
750 23.57 44.5 14..;
800 25.75 42.8 1 2.9

, 850 27.85 41.1 11.2
900 29.87 39.5 9.6

10- 950 31.80 37.8 7.9
A 1000 33.65 36.1 6.2

1050 35.1; 1 34.4 4.3
Ii 100 37.09 32.7 2.8

7 !150 38.FS 31.0 1.1
,_ 200 40.19 29.3 -0.6

T- 1250 41.(,2 27.7 -2.1
1 300 42.9(, 26.0 -3.9
1350 44.22 24.3 -. ,

Fig. 2 - \olar enthlilp\ %,iitiou. h of the
A29s

, .1 1e. 5a lloy in the r stialline, s vperooled anid Most often, such a variation of
lilu iad t v , Iith respe('I to 1. * liquid Stdte (drop the relative heat capacity has been

method) ;o vper(ooled liqid (ilrop fnethod) attributed to the presence of preferential
interactions between unlike atoms (see for

A liquid example Chen and Turnbull, 1967) and its

evolution with temperature. However, in the
case of tellurium-based alloys, the peculiar

In both cases, it can be seen that behavior of pure tellurium in the liquid
CP is not constant with state should definitely be taken into

temperature,presenting a maximum value of account in the interpretation.
18.0 J.mol-  K-1 (resp.183 J.mol-' K-) at
the eutectic composition of Au-Si alloys
(resp. Ge-Te alloys). When increasing 3 - Neutron diffraction measurements
temperature, CP falls and vanishes 500 OC
above the eutectic temperature in the Au-Si The samples were prepared by
alloys whereas in the case of the Ge-Te heating pure elements until the lowest
alloys, Cp reaches 0 less than 150 OC above melting temperature was reached, by
the corresponding eutectic temperature. levitation in the case of Au-Si and in a

quartz container under vacuum for Ge-Te ;
the alloys were then filled into cylindrical
containers which were made from a 0 6.10-

Ithh' 2. 8.14 mm (resp. 0 5.94-7.10 mm) quartz tube
lh<it iilv,(l < inl relative heat capacity, ACp in the case of Au-Si (resp. Ge-Te).

The neutron diffraction
0.15 10.85 measurements were performed on the neutron

T p ,-K -  diffraction spectrometers D20 and D4B
I/K C 1 ml K AC UIJ io! K located at the Institut Max Von Laue-Paul

Langevin, Grenoble, France, operating
,50j 219 183 respectively at a wavelength A = 0.82 and

(,70 155 119 0.703 A. The data were corrected for the

'99l WI 60 quartz container, the 0.1 mm thick vanadium
foil heater and the sample self absorption

760 64 28 in the usual way. The corrections for

730 47 II inelasticity effects, multiple scattering
and incoherent scattering were made

71l 5according to Eisenberg et al, (1982).

',, 36 0 3.1 - Au-Si alloys

3.1.1 - Structure factor S(Q)

The measurements were performed at
three, different temperatures, T/K = 680, 780
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and 880, that is 50, 150 and 250 0 C above the followed by small oscillations up to 20 A
eutectic point. which is the normal behavior in compact

The structure factors measured at structures. Increasing the temperature by
the two extreme temperatures, 680 and 880 K 2000 does not affect the pair correlation
for Q : 14 A-' are shown in the figure 3. functions. The number density ,as mentionned

above, has been taken equal to 0.057
constant with respect to temperature and the

Sf0)

3 GHr
4

880K3
3

2
2 880<

680K<

-i 

680K

0

0 2 4 6 8 10 12 0 14
-2

0 2 4 6 8 10 12 14 16 18 r 20
Fig. 3 - Struct re factors, S(Q), of the liquid
\u0.Si 02 eutectic alloy versus Q in A-, at two

NU .0 l yi A atFig. 4 - Pair correlation functions, (r) , of the liquid
temperatures (the zero of the ordinate has been shifted Au Si eutectic alloy, versus the distance r in

b 1).0.80 0.20at two temperatures (the zero of the ordinate has been

sfuifted by I ).

The first peak at Qz = 2.70 A-I is

relatively sharp followed by small peaks at
Q2 = 4.95, Q3 = 7.15 and Q4 = 9.34 A. The
ratio Q2/Q1 is equal to 1.83, a value coordination number corresponding to the
observed in many liquid structures. The first neighbours shell is 11.8.
structure factors measured at different In the figure 5, the functions
temperatures compare very well as far as g(r) of the eutectic alloy at 880 K and of
peak positions are concerned, suggesting no pure liquid Au (Waseda,1980) are reported
important change in the local order with and can be compared. It can be seen that
increasing temperature. The lower amplitude they are quite similar, the main differences
of the first peak at 880 K shows nothing being a small shift in the peak positions
more than increasing thermal disorder. (at shorter distances in the alloy) and the

existence of a small hump effect on the left
3.1.2 - Thermodynamic limit of the first peak in the eutectic alloy.

Using the same method of calculation, the
As the thermodynamic properties coordination number in pure liquid Au is

were measured by Knudsen-cell mass found to be 10.8.
spectrometry (Bergman et al, 1978), the
thermodynamic limit can be used to scale the 3
data for the value Q = 0. Including also GO
estimated values of the isothermal
compressibilities and the densities, the
following data were calculated :
S(0) = 0.030, 0.034 and 0.039 at T = 680, 2
780 and 880 K.
The densities values measured in the liquid
state by Filonenko (1969) were discarded
because they are not coherent with the
observed volume expansion on solidification.
Thus we estimated d = 15.6 g/cm 3 from the
densities of the pure solid elements adding
2% to take into account the volume
variation. 0

3.1.3 - Pair correlation function 0 2 4 6 8 10 12 r 14

We have reported the two pair
correlation functions, G(r) = 4 rto [g(r)-l1 Fig. 5- Comparison of the pair correlation functions,
obtained by Fourier transform of the g(r). of the liquid \ 0 R0 Si0.20 alloy at T/K 880 1--)
structure factors, in the figure 4 at T =
680 and 880 K ; the peak positions at 680 K and( of pure liquid i ,,it T/K 1420 1---).

are ri = 2.82, r2 = 5.21 and r3 = 7.40 A
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Thes, results can be conpar-d to are represented in the figure 6 and the
those obtained by Waghorne et al (1976) from values of Q a, whicl, the maxima of S(Q)
X-Ray diffraction measurements arise are given in the table 3. Three main
who have found the following values :r = observations can be made :
2.73 and rz = 4.73 A. - the presence of a pre-peak, at Qs, whl-h

v~nisnes wih increasing temperature
3.' - Ge-Te allot.s - this small prepeak is followei b:" five

pea;'s whose positions slightly shift towards
Neutron diffraction measurements small Q by increasing temperature, except

have been performed on eute< Lc Ge-Te alloys the second one noted Q'i (cf table 3) whose
by Nicotera et a! (1972) and Neumann et al maximum is located at the value 3.30 A-'
(1985,1987). The comparison with amorphous independent on T
Ge-Te sample allowe- the former authors to - the intensity of this peak Q'i is strongly
conclude that the transition from the liquid temperature dependent by opposite to the
to the amorphous state is accompanied by a others which cn±y show increasing thermal
change of the coordination number (3.25 to disorder.
2.43). The combination of neutron and X-ray
diffraction measure-ments performed by 3.2.2 - Thermodynamic limit
Neumann Pt al leads to the determination of
the partial pair corrtlation functions and mhe estimation of the different
they pcopose a scheme where o-GeTe-like thermodynamic data used in calculating the
associates and pure Te-reaions are lirit was made from the knowledoe of the
:oexisting in the low temperature liquid enthalpies of mixing measured by calorimetry

at 1150 K, the densities measured by
3.2.1 -Structure factor S(Q) Nicotera et al (1972) and the isoth-rmal

compressibilities of the pure liquid
-3... . elements. The followinq values were obtain, d

' I ,633K S(0) = 0.070, 0.073, 0.078 and 0.094 at T
-633, 673, 733 and 943 K.

Se673 . 3.2.3 - Pair correlation function

7\3K The four pair correlation
functions G(r) = 4nreo [g(r)-l] are reported

in the figure 7 ; the peak positions of the
943K functions G(r), as well as the coordination

nu..ber are given in the table 4. The main
features are the following

- . . . . . .. . G (r)

0 3 6 9 12 15 18 4

IIl " ,,0
943K

I~~~ ~ -------- , [ I

0 0 2 4 6 8 10 12 1" 16 18 r 20

I ig. 7 P lr".'rr, t'.! 0 1,3 ), 1

.,""7,.I,1 ' . 5 e et , l,. ',,' , , { .

'lh or",I tIrm, atr c (1h ", To , I- ,'
]., * " I !.!!1 "< : 7.9 1 '1.m,, b ' 111f"lu te (I h', - 1).

, . ".'; '.1 :.?''j -three main peaks are observed and the shape

of the second peak smoothly changes with T
The measurements were performed at up to the highest temperature where a sub-

four different temperatures T = 943, 733, peak appears on the left side.
e
2
3 and 633 K by decreasing the temperature -the corresponding r2 and r, values of the

in order to obtain supercooled liquid second and the third maximum (cf t- .le 4)
(T.,,,.= 648F) whore CSRO is expected to be are constant while r, is varying from 2.68
important. The structure factors measured to 2.86 in the temperature range
for Q S 17 A-' at the different temperatures investigated.
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The numbei density determined Dy eutectic alloys clearly show strongly
Ncotera et al (1972) takes the values different behaviors. If for both systems,
0.0298, 0.0296, 0.0294 and 0.0298 at.A - 3 by the relative heat capacities are different
increasing T from 633 to 943 K . The from zero, the maximum value observed in the
corresponding coordination numbers given in Ge-Te system is ten times higher than that
the table 4 are obtained in the intelration of the Au-Si one , furthermore, t'
range 2.30 r S 3.15 ; the variation from temperature range in which the variation
2.83 to 2.96 with increasing temperature is can be observed is 150 0 for Ge-Te and mrre
Lahttr weak. than 450* for Au-Si, probably involving

id1h, 4, different mechanisms.
The structure factors and the pair

, ., 'i -Itrlqill fontior distribution functions are very different

fS v\.
1

( .H' ,b of lh too. The structure factor of the Au-Si
eutectic alloy compares well with that of a

U.ll' 15 liquid metal, characteistic of compact

fi.t It 111t structures and does not show any significant
------- variation with the temperature. It is very

r'. t n similar to that of pure gold. On the
-.. ....... ......... ... contrary, the structure factor of the Ge-Ce

'.12 .17 .. eutectic alloy presents some characteristics

Sof the liquid semiconductors with a prepeak
vanishing at high temperature and thre-

.7 .r) '.12 .I7 ' ' other peaks relatively temperature-

..5:. 17 412 ,2 2.', insensitive in amplitude, slightly shiftina
- .. towards low Q, within the investigated

temperature range. However, the second peak
3.2.4 - Comparison with pure tellurium which is located at y' (cf table 3)

strongly varies as far as the intensity is
3 concerned but is located at a constant

S(Q) value. A rough comparison with pure
tellurium shows a tendency for the '(Q) of
Ge-Te to become closer to pure Te at high

633K temperature.
K In conclusion, the thermodynamic

study (esp-cially the measurement of the
relative heat capacity) can point out a
pecaliar temperature dependence even if no

943K significant variation can be inferred from
the stuctural study. Cbviously, the
development of simulation models i_

definitely necessary to go further in the
interpretation of these results.
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Abstract.-
Predictions of relative solid solubility in binary alloys of transi-

tion metals are made using the semiempirical theory of Miedema. In this
treatment the Leat of solution of a solute metal S in a matrix metal M in-
cludes a chemical contribution, an atomic size mismatch contribution and a
structural contribution. For low temperature phases the model's predictions
are in good agreement with the available experimental information. We also
calculate relative solid solubilities in some high temperature phases con-
taining Zr and Hf, whose shear moduli are expected to be much smaller in
this region than at low temperatures. Although these latter calculations
are only approximate, the model's predictions are also encouraging in this
case.

i.- Introduction main objective of the present paper. Since
in this model the heat of solution is the

Relative solid solubility at the ends sum of three distinct components, a chemical
of the concentration range in the phase contribution, an atomic size mismatch con-
diagram of binary alloys has interested tribution, and a structural contribution, we
metallurgists ever since Hume-Rothery pro- have also looked at the relevance of each of
posed his "relative valence rule" (Hume- these to the problem in hand. One of our
Rothery et al. 1969). According to this rule objetives is, in fact, to propose a modifi-
a higher-valent metal is more soluble in a cation of the structural contribution which
lower-valent metal than vice versa. Later leads to an improved agreement with experi-
work has clarified the situation a good ment concerning relative solubilities.
deal. Gschneidner (1980) examined 300 sys-
tems formed by two metals of different As shown elsewhere (Gallego et al.
valency and for which the terminal solid 1988, Van der Kolk et al. 1988) an accurate
solubilities are known at both ends of the description of terminal solid solubilities
phase diagram; the result was that 55% of is needed for theories which aim to predict
the systems do not obey the rule. Watson et the concentration range in which amorphous
al. (1983) found that the trends in TM-TM alloys can be obtained.
alloys (TM=transition metal) can be corre-
lated with band theory concepts: in admit- 2.- A model for the heat of solution in
tedly simplified terms, their observation substitutional alloys
is that the metal with a d-band closer to
half-filled prefers to be the solute rather Since the description of the heat of
than the solvent. solution Ah (S in M) of a solute metal S in

a matrix metal M is well documented else-
Prediction of the correct trends in where (Niessen and Miedema 1983), we only

relative solid solubilities is a strong test give here a brief account, with emphasis on
for theories of alloy formation. Pettifor the parts of the model which are relevant to
(1987) and Watson et al. (1983) extended to our discussion below. Our work will be res-
TM-TM alloys tht successful d-band bonding tricted to TM-TM alloys. For these, Ah (S in
model of the cohesive energies of transition M) can be written as the sum of three terms
metals (Friedel 1969). Then Watson et al.
(1983) calculated the heats of solution of
one transition metal in another and vice hem ize struct
versa and found that the trend in the Ah (S in M) = Ah

he
+ Ah

s  
+ h t.(1)

calculated heats of solution parallels that
observed in the experimental relative solid

solubilities. 
Ahche m 

is a chemical term, equal to
A semiempirical model of alloy forma- the heat of solution of liquid Sch A liquid

tion developed by Miedema and coworkers M. The precise expression for Ah is the
which was originally devised to describe core of Miedema's model (Miedema et al.
liquid alloys and ordered solid compound, 1980).
(Miedema et al. 1980) has recently been Ahsize is the elastic energy genera-
extended to handle terminal solid solutions
(Niessen and Miedema 1983, L6pez and Alonso ted when a solute atom of volume V is forced
1985). As far as we know, the predictions of into a hole of volume V in thl matrix.
this model concerning relative solubilities Classical elasticity theory leads to the
have not been explicitly tested. This is the expression
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negative (less positive) than Ah (B in A),
2KSG M  * * and both solubilities will be about equal if

Ah , (2) the two heats of solution have similar
3KS + 4Hv: values.

where K is the bulk modulus of the solute Table 1 shows, for 39 alloys of 4d and

metal aidG, is ths shear modulus of the 5d metals for which the above references

matrix. V M and V are effective volumes give solubility data, whether there is

* chare transfer effects (Nies- agreement (Y) or not (N) between these datasecand Hiedema 1983). and the theoretical predictions based onsen comparison of values of Ah (A in B) and Ah

Finally, Mh 
s t r u c t reflects the fact (B in A) calculated using the model of

that in the transition metal series there is Section 2 (alloys containing Y or La have

a well known correlation between the number not been included because it is expected

Z of valence (s+d) electrons and the that the solute atoms prefer to be inters-

equilibrium crystal structure. This trend titial in several systems based 3n those two

has been quantified by Niessen and Miedema metals). In the case of alloys containing

(1983), who have derived the variation of Zr or Hf, the theoretical and experimental

absolute stability E(Z) (o'=bcc, fcc, hcp) results considered are for temperatures at

of each o n crystal structures i which the low temperature hcp phase of these

the transition metal series. In view of this two metals is the stable one.

correlation, it is reasonable to assume that
structure dependent energies in TM-TM solid Table 1. Comparison of predictions and expe-

solutions also vary systematically with the rimental observations of relative solid
average number of valence electrons per atom solubilities in binary alloys without inter-

when the two metals form a common d-band. mediate compounds. Agreement is indicated by

Consequently, dissolving metal S in a host H Y and disagreement by N. Theoretical predic-

changes the energy that stabilizes the crys- tio§.e based on Ah of equation (1) with
tal structure of the host. The structural Mi obtained from the unmodified sta-
energy change upon dissolving metal S (with bility functions of Niessen and Miedema

crystal structure a) in the matrix M (with (1983).

structure al) can be written as

B Zr Nb Ho Tc Ru Rh Pd Hf Ta W Re Os Ir Pt

Ah struCt(S in N,,) = fE,(Z(M))-Ea(Z(S)) +

A[dE ,(Z)
+ (Z(S) - Z(M)) I d,, (3) Zr Y Y Y

dZ Z=Z(M) Nb Y Y Y

Ho Y Y
Tc Y N Y Y Y N N

where the first term corresponds to the dif- Ru Y Y Y Y Y N
ference in structural energy of the pure Rh Y N N Y Y
metals and the second is the change in Pd Y Y Y Y
structural stability of the o' structure due Hf Y
totb _ hange in average valency. Evidently, Ta Y
Ah can be easily computed from the W
stability functions E a(Z). Re Y N Y

Os Y N
In the following sections we employ Ir Y

the model described here to study the rela- Pt
tive solubilities of systems whose phase
diagrams present different degrees of com-
plexity.

Agreement with the heat of solution
3.- Allows without intermediate compounds criterion is obtained in 31 cases (79%), and

disagreement in 8 cases (21%): TcRh, TcIr,
The experimental information on termi- TcPt, RuPt, RhRe, RhOs, ReIr and OsPt. We

nal solid solubilities is contained in phase think that the main source of the discrepan-
diagram compilations (Hansen and Anderko cies lies in the theoretical predictions,
1986, Elliot 1986, Shunk 1986, Moffatt for the following reason. The structural
1984). When intermediate phases do not stability functions of Niessen and Miedema
exist, the only competitive phases are the (1983) have been "smoothed" somehow. For
terminal solid solutions of A in B and of B o=bcc, a minimum was introduced in R0 (Z) at
in A. In this case the relative solubilities Z-5.5 and a maximun at Z-8.5, and vice versa
will be controlled by the relative values of for &=fcc and o'hcp curves. Although this
the heat of solution since the partial procedure seems reasonable it is not evident
entropy of a phase is usually a small that it is better than Just drawing straight
fractior of the partial enthalpy (Watson et lines between Z=4 and Z=5, and between Z=8
al. 1983, Kubaschewski 1981). That is, the and at Z=9. In fact, the structural stabi-
solubility of A in B will be larger than lity functions plotted by Skriver (1985),
that of B in A if Mh (A in B) is more obtained from density functional calcula-
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tions for the pure metals, do not display two metals is the stable one. Of the 34
such *smoothed" behaviour, systems for which experimental data were

found we obtained wrong predictions foittU8
Figure 1 shows the'result of deleting 5 cases (15%). When the uncorrected Ah

the maxima and minima at Z=5.5 and M~t is used, 8 wrong predictions are obtained
This change can obviously affect Ah (24%).
through the derivative [dE ,(Z)/dZ]. When
applied to the alloys of tagle 1 the modi- Table 2. Comparison of predictions and expe-
fied heats of solution lead to agreement rimental observations of relative solid
with experimental relative solubilities in solubilities in binary alloys with interme-
35 cases (90%) and discrepancy in only 4 diate compounds. Agreement is indicated by Y
(10%): TcPt, RuPd, RhOs and PdOs, two of and disagreement by N. Theoretical predic-
which are common to table 1. The improvement tions are based on Ah of equitlapt (1) with
obtained is significant, the corrected values of Ah obtained

from fig. 1.

20
B Zr Nb No Tc Ru Rh Pd Hf Ta W Re Os Ir Pt

A

0 .Zr Y Y Y Y Y
E Nb Y N N Y N N Y

/ No Y Y N Y Y Y Y Y Y
Tc

c Ru Y Y
LU Rh Y Y

Pd Y Y
.4Hf Y

a Ta
. Y Y Y Y

-10- Re
Os
Ir
Pt

-20

4 6 8 10 5.- Solid solubility in high-temoerature
Z phases

Fig.l. The structural stability E of para- To calculate high temperature solid
magnetic transition metals with bcc ( , solubility it is necessary to know the tem-
fcc (- - -) and hcp (.. ) structures as perature dependence of the elastic moduli K
a function of the number Z of valence elec- and G (see equation(2)). For several metals,
trons per atom. These have been obtained such as Zr and Hf, it is known (Niessen and
after Niessen and Miedema (1983), but inter- Niedema 1983) that at AT=I000 K, AG/G is
polatIng linearly between Z=4 and Z=5, and about 50%, which is exceptionally large.
between Z=8 and Z=9. Consequently the size mismatch contribution

to the heat of solution in these metals will
4.- alloys with intermediate phases fall considerably with rising temperature.

When intermediate phases are present, We have compared the theoretical high
the dilute solution competes with its neigh- temperature relative solid solubilities with
bouring compound and not with the other the experimental information for some Zr and
terminal solution. This question has been Hf alloys without intermediate compounds:
explored by Ansara (1979) and by L6pez and ZrNb, ZrHf, ZrTa, NbHf and HfTa. The predic-
Alonso (1985). The work of these authors tions were basedcon equation (1), with the
illustrates the role played by line com- corrected Ah calculated for the high
pounds in lowering the solubility limits, temperature bcc structures of Zr and Hf. As
Nevertheless, it is appropriate, in first far as we know, the elastic constants of
approximation, to follow the traditional bcc-Zr and bcc-Hf are not available, so that
route of making comparison between calcula- we have taken for the bulk moduli the values
ted heats of solution and relative solubili- corresponding to the low temperature hcp
ties (Watson et al. 1983, Ansara 1979). phases, and have assumed that the shear

moduli are reduced by half. The values of
Table 2 lists the results of comparing the elastic constants of the other metals

experimental relative solubilities with have been considered as independent of
valpelcof At, using the corrected values of temperature. Of the 5 systems considered
Ah calculated from fig. 1. The results (all those for which sufficient experimental
for Zr or Hf alloys again correspond to data are available), predictions and experi-
temperatures at which the hcp phase of these ment agree in 4 (80%) and disagree in only
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one, ZrTa, (20%). Given the simplicity of Elliot, R.P. (1986): Constitution of Binary
the approximation made concerning the elas- Alloys, First Supplement (Schenectady, NY:
tic constants, these results can be consi- Genium).
dered successful.

Friedel, J. (1969): The Physics of Metals,
An analogous study was finally per- ed. J.M. Ziman (Cambridge: Cambridge Univ.

formed for systems with intermediate com- Press) p 1.
pounds. The theoretical predictions were
based on the same assumptions as above about Gallego, L.J., Somoza, J.A., Alonso, J.A.
the temperature dependence of the elastic and L6pez, J.M. (1988): J. Phys. F Mj, 2149.
constants of the various metals. Of the 13
systems considered (ZrMo, ZrRu, ZrRh, ZrPd, Gschneidner, K.A. (1980): Theory of Alloy
ZrW, ZrOs, Zrlr, ZrPt, MoHf, RuHf, PdHf, HfW Phase Formation, ed. L.H. Bennett (Warren-
and HfRe) we obtained corrcct prediction in dale, Pa.: Metall. Soc. AIME) p 1.
only 7 cases: ZrMo, ZrRh, ZrPd, ZrIr, RuHf,
PdHf and HfRe. Better results are neverthe- Hansen, M. and Anderko, K. (1986): Consti-
less to be expected when more accurate esti- tution of Binary Alloys, 2nd edn (Schenec-
mates of the temperature dependence of the tady, NY: Genium).
elastic constants become available.

Hume-Rothery, W., Smallan, R.E. and Ha-
The poorer quality of our predictions worth, C.W. (1969): The Structure of Metals

for alloys with intermediate compounds with and Alloys (London:The Institute of Metals).
respect to those for the case when interme-
diate phases are absent, reveals that a Kubaschewski, 0. (1981): High Temp.-High
fully satisfactory theory of the relative Pressures 13, 435.
terminal solubilities requires going beyond
the simple comparison of heats of solution. L6pez, J.M. and Alonso, J.A.(1985):Z. Natur-
Explicit consideration of the effect of forsch. a 40, 1199.
intermediate compounds, as done for instance
in our exploratory calculations (L6pez and Miedema, A.R., de Ch&tel, P.F. and de Boer,
Alonso 1985), is then needed for this pur- F.R. (1980): Physica B M00, 1.
pose.

Moffatt, W.G. (1984): The Handbook of Binary
6.- Conclusion Phase Diagrams (Schenectady, NY: Genium).

The semi-empirical model for the heat Niessen, A.K. and Miedema, A.R. (1983): Ber.
of solution of binary alloys developed by Bunsenges. Phys. Chem. 87, 717.
Miedema and coworkers provides a useful
framework for studying the relative solid Pettifor, D.G. (1987): Solid State Phys. 40,
solubilities of transition metal systems. 43.
The predictions of the model are very suc-
cessful for low temperature phases, espe- Shunk, F.A. (1986): Constitution of Binary
cially when the correction that we have pro- Alloys, Second Supplement (Schenectady, NY:
posed for calculating the structural contri- Genium).
bution is introduced. For high temperature
Zr- and Hf-based alloys we have made an Skriver, H.L. (1985): Phys. Rev. B 21, 1909.
approximate estimation of the size mismatch
contribution to the heat of solution by con- Van der Kolk, G.J., Miedema, A.R. and Nies-
sidering that the change in this quantity is sen, A.K. (1988):J. Less-Common Met. 145, 1.
mainly due to the known large reduction in
the shear moduli of Hf and Zr with respect Watson, R.E., Bennett, L.H. and Goodman,
to the low temperature values. Although the D.A. (1983): Acta Metall. 31, 1285.
results obtained with this assumption can be
considered encouraging, it is expected that
agreement with experiment will be better
when a more accurate estimation of the tem-
perature dependence of the elastic constants
of the various metals is available.

Our results also suggest that the
effect of intermediate compounds on the
solubility of terminal phaseq should be
taken into account for quantitative purposes
when those compounds exist.
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Abstract. -

The thermal efficiency of three single crystals of identical chemical composition
and different crystalline orientation has been determined. Due to the shape memory

effect, these single crystals can convert heat produced by temperature differences into

mechanical energy. It can be seen than the single crystals of lesser interplanar distan-

* e in relation to compression axes have greater thermal efficiency.

1. Introduction.- The temperature To(d*) can be approxi-
mated as: q" 0 9..o

To(0r) =1!2(Ms + As ) 1.4)
T he possibility of converting therm al ener on i in = s a ( - -+ tA s (4c

gy into mechanical energy through memory effect containing Ms the start ((a --- * Stress Induced
Mar ensite,S.I.M.) transformation temperature,

mate; ls has been studied by, authors such as and 4s "0, the start (S..M.----), t) retrans-
(Ahiers 1975)(Tong et al. 1974), who haveanAs tetrt(l. -- 3)ern-(Ahlrs 975(Ton etal.1974, wo hve ormation temperature extrapoled to zero stress.
built various prototypes of solid state engines

with Cu-Zn-Al and Ni-Ti alloys.
The stress induced transformation enthal

These prototypes are based on two way py can be expressed as (Wollats 1979):

memory effect in which the material can be ma- (AH To(O') [5)
de to remember successively and cycles both AH(W) =

the P and martensite form; despite being submi- To

tted to up to 70 Kg/mm
2 

compression stress.

This two way memory eltect is acheived through 2. Experimental Procedure.-

a training process (Guilemany et al. 1990).

The thrt singf.- crystals were obtained
An ideal solid state engine must be made by the Bridgman method (Guilemany et al.1988)

with single crystals with total (Martensite---v (3) and have a chemical composition in atomic per-

retransformation, since both polycrystal grain centage of 68.6,g Cu, 16.22% Zn and 15.11%

-,"ndaries =ind stabilized martensite have -t, Al with an electron to atom ratio of 1.464.

associated energy which diminishes the engine

efficiency. The crystalline orientations of the planes

perpendicular at the compression axes, deter-

The thermal efficiency is given by the mined by Laue method were (311), (321) and

equation (Ahlers 1975) (Tong et al. 1974)(Wo- (322). The specific heat of these alioys is

flats 1979) 0.595 J/gK (Hodgman 1970).

The calorimetric system used has alrea-

AH ATo r1  dy been described in previous papers (Munta-
ti t  i sell et al. 1988)(Muntasellet al. 1989). The

To(C &To +AH()) system allows the measurement of the charac-

Pee teristic temperatures Ms, Mf, As and Af, wh_
where: le the transformation enthalpy, AH, is calcula-

H P: transiformation enthalpy, ted by integration of the calorimet.ic curve.

ATo = To( (') - To (2] Cylindrical samples used (5 mm diame-
in which To, the equilibrium temperature,can be Cylindical sampl s s de emtdacalclatd bytheexpessin (alzrennr 180) ter, 6 mm high, 400 mg mass) underwent a
calculated by the expression (Salzbrenner 1980) heat treatment consisting of 10 minutes at 850eC

To 1/2 (Ms + As) 3 and watei quench to room temperature. This

in which Ms is the start ((3 --- 4P Martensite) flow calorimeter measures differential signals

transformation temperature and As is the start ( 4T) by means of thermobatteries MELCOR.
(Martensite---.-() retransformation temperature. Temperature was measured by means of a
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Wolla ts P., Bonte M. and Roos J. (1979):
From linear equations of the stress re- Z.Metallkde 70, p. 1 1 3 .

quired to induce martensite (corrected by
Schmid factor) versus test temperature (Table
II) it was possible to obtain the Ms and As tem-
peratures by extrapolation to zero stress. The
equilibrium temperature under stress To(T') is
calculated by equation £4) . The above tempera
tures are shown in Table Ill as in enthalpy as-
sociated with stress induced martensitic trans-
formation calculated by equation [s).

Thermal efficiency calculated from equa-
tion (1J shows that there is a strong influence
single crystals orientation. Thermal efficiency
was greater when the interplane distances in
relation to compression axes were small. When
the interplane distances are small, the martensi-
tic plates have a greater amount of stored elas_
tic energy, since in this case there is more in-
ternal stress and contact surfaces between mar-
tensite plates and P-martensite interphases.
This brings about a great conversion to mecha-

nical energy with the same calorific energy.
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TABLE 1. Transformation and equilibrium temperatures. Martensitic thermal transformation
enthalpy.

Crystalline Ms (K) Mf (K) As (K) Af (K) To (K) .H (J/g)

Orientation

(311) 284 253 266 292 275 6.2
(321) 283 252 266 289 275 5.8
(322) 284 253 266 29u 275 6.5

TABLE II. Transformation and retransformation stress corrected by Schmid factor for diferents
test temperatures.

(3 2 /4MI 2
Crystalline T (0C) "-,*(MN/m ) (f (MN/in ) Equation
Orientation at" Gm / T

(311) 0 17.6 4.8
10 33.'2 17.6 t.-'P,
20 45.8 22.8 Tj;.= 23.20 + 1.15T
30 59.6 35.2 6.38 + 0.94T
50 87.1 59.6
70 98.0 68.8

(321) 0 27.2 --

10 44.6 17.0 ts-OtA

20 58.0 28.0 32.13 + 1.29T
30 77.6 40.0 , 7.26 + 1. 03T
50 103.1 58.0
70 116.0 80.2

(322) 0 24.5 6.8
10 48.8 14.6
20 66.0 26.0 6g= 34.97 + 1.21T
30 76.0 34.9 cy.*- 8.21 +0.78T
50 102.2 45.6
70 111.8 63.0

TABLE Ill. Temperatures and enthalpy values associated with stress martensitic transformation
Thermal efficiency values.

Crystalline Ms (K) As (K) To (r) (K) LH;.AJ/g) ,To (K) 4t

Orientation.

(311) 253 288 271 6.1 4 1.06
(321) 248 288 268 5.7 7 1.50

(322) 245 284 265 6.2 11 2.03
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APPLICATION OF THE WAGNER-SCHOTTKY MODEL TO NONSTOICHIOMETRIC
INTERMETALLIC PHASES

Regina KRACHLER and Herbert IPSER

Institut fur Anorganische Chemie der Universit6t Wien
Wahringerstr.42, A-1090 Wien, Austria

Abstract.-
ThFe Wagner-Schottky model is a statistical thermodynamic

model for crystalline ordered nonstoichiometric phases. From the
intrinsic disorder at the stoichiometric composition it is pos-
sible to calculate the equilibrium point defect concentrations at
any composition within the phase boundaries. Using the Wagner-
Schottky approach the authors have treated the B2- and B8-
structures in a more general way than previously. The model is
applied to the B2-phases P<-PdMn and PY-NiAl as well as to the B8-
phases in the Ni-Sb and the Ni-Te system.

1.- Introduction for instance by Anderson (1946), by
Lightstone and Libowitz (1969), and by

If we keep a closed binary system at Geffken et al. (1972). In cases where the
constant pressure and constant uniform distribut ionof the point defects is not
temperature the following thermodynamic statistical, the occurring superstructures
equilibrium condition is valid: in the crystal lattice can be treated in the

model by further dividing the individual
(dG)T,p,NIN 2  = 0 (1) sublattices into "sub-sublattices".

We take into consideration only the
(N and N2 are the numbers of atoms of interior of the crystal, not the surface or
corponents I and 2.) a gas phase in equilibrium with the crystal.

All entropy contributions other than
In their model Wagner and Schottky configurational entropy are taken to be

(1931) derived expressions relating the independent of composition. With this last
chemical activities of the components of a assumption we follow Chang (1974), Neumann
nonstoichiometric ordered binary compound to et al. (1976) and other authors.
the deviation from stoichiometry. It is the
existence of imperfections in the basically 3.- The equilibrium condition
ordered crystal lattice that is responsible
for the phenomenon of nonstoichiometry. Assuming that the crystal has already
Deviations from stoichiometry are caused by reached equilibrium with respect to all
-n detect:. ze imperfectiois exzept point defects,

the Gibbs free energy may be expressed as a
Three types of point defects are function of the various point defect numbers

important: vacancies, interstitial atoms and v.:
substitutional defects, and the thermo-
dynamic properties of the crystal depend on G = G(p,T,vl,V 2, ... vn) (2)
the equilibrium concentrations of the
different types of puint defects. In complete thermodynamic equilibrium the

point defect concentrations are no longer
Equation (1) enables us in principle independent variables:

to derive the equilibrium point defect
concentrati - as functions of the deviation (G)N N = G(p,T) equilibrium
from scoichiometry. Using the concentrations 1' 2
of the different defects at stoichiometry
(which are entirely due to thermal exci- If we keep a certain amount of the crystal
tation) as parameters, it is possible to at cunstant temperature and constant
calculate their concentrations as functions pressure, the equilibrium condition (1) has
of the composition within the nonstoichio- the following general form ("equ" means
metric compound. equilibrium):

2.- Basic assumptions (8G/ vOeq udvl +eq (G/aV n~e dVn  0 (3
The distribution of the point defects

is assumed to be statistical. In the case of Equation (3) is supplemented by a sufficient
interactions between point defects number of additional relations, containing
additional energetic terms are used in the the dv.. The additional relations exist
expression for the Gibbs free energy, as it becauseiof the conditions that N and N are
has been done previously by other authors, constants and because of the special d~fect
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mechanism under consideration, that makes N : total number of lattice sites (both
some of the dvI become zero and others sublattices)
become dependentof each other. N A , N B. numbers of anti-structure atoms

With the help of the additional ND , NO B: numbers of vacancies on the a- and
relations it is possible to eliminate all B-sublattices.
the dv in equation (3). The explicit form
of equAtion (2) (see Wagner and Schottky, Figures 1 and 2 show applications,
1931) enables us to derive the (6G/6v ) together with experimental data points.
Together with some relations resulting ? 8 m
the conditions that the mole number and also 5.- B8-structure model (NiAs structure)
the composition of the intermetallic phase
are fixed quantities, the equilibrium The ideal NiAs-lattice can be visu-
condition (3) yields a system of x alized as a hexagonally close packed array
independent equations for x unknowns that of metalloid atoms (main group element)
can in principle be solved, where the octahedral holes are filled with

transition metal atoms. The allowed point
4.- 82-structure model (CsCI structure) defects are vacancies in the regular

transition metal sites (octahedral holes)
The CsCl-lattice can be seen as two and interstitial transition metal atoms (in

interpenetrating primitive cubic sub- the trigonal-bipyramidal holes). There are
lattices. In the completely ordered crystal two particular ways of arranging the vacan-
the positions of the a-suDlattice are cies in the transition metal sublattice:
occupied by atoms of kind A and those of the they may either be distributed over all
B-sublattice by atoms of kind B only. sublattice sites or they may be restricted
Traditionally the B2-phases are divided into to alternate layers resulting in a partially
two groups. The first group is characterized filled up Cdl -type structure. The intrinsic
by anti-structure atoms on both sublattices. disorder is c used by transition metal atoms
Interstitial atoms or vacancies are not which leave the octahedral positions and
allowed in this type of defect mechanism enter the trigonal-bipyramidal holes (inter-
(anti-structure or substitutional type). In stitial positions). It is assumed that the
the other group the only allowed point metalloid sublattice (B-sublattice) remains
defects are vacancies on a-sublattice sites un-disturbed. The transition metal sub-
and A-atoms on B-sublattice sites. The last lattice (c-sublattice) is divided into two
defect mechanism has been called triple- parts ((X and CC ) consisting of alternate
defect type by Wasilewski (1968). Based on layers. The intersiitial sites form a third
the Wagner-Schottky model a number of sublattice, the i-sublattice.
authors have developed theoretical models
for the 82-structure, among them Chang and The model contains the following
Neumann (1982) and Libowitz (1971). They all parameters:
developed different sets of equations to be
applied separately to anti-structure and a = (No /N stoich
triple-defect B2-phases. However, diffusion a t
measurements (Gupta and Liebermann 1971, B = (No" 2/N )stoich
Hilgedieck and Herzig 1983) as well as 1 2
theoretical considerations (Neumann 1980) NaD I , No 2: numbers of vacancies in the a,
show that all B2-phases are members of the ajd (I sublattices
same family. Substitutional defects and N : t9tal number of lattice sites (0.1 M 2
vacancies should be allowed on both and 8-sublattices)
sublattices.

H. = interaction energy for one mole
The existence of thermal anti- of pairs of nearest-neighbor

structure atoms in 82-phases is caused by interstitial atoms.
interchange between atoms on their regular
lattice sites and nearest-neighbor H V =  interaction energy for one mole
vacancies. It may be assumed now that (for of pairs of nearest-neighbor
not too large deviations from stoichiometry) vacancies.
the tendency for this interchange is for
each sublattice independent of composition. For CL = B the vacancies in the a.-
With such an assumption we are able to sublattice are distributed over all sites
consider both types of defects, i.e. whereas an increasing difference between a
substitutional defects and vacancies on b6tIS and B means that the number of vacancies in
sublattices (Krachler et al. 1989). alteinate layers starts to differ,

approaching a partially filled Cdl -type
The model contains the following lattice for which one of the digorder

parameters, which are the concentrations of parameters becomes zero.
the allowed point defects at stoichiometry
(intrinsic disorder): Figures 3 and 1 show applicat~ons,

a =(N A/N I)stoic together with experimental data points,

b (N 0C/N I)AcknowledgeentL B 1c We want to thank Prof. K.L. Komarek

c ((N N )IN stoich for his permanent interest in this work.
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Fig.2. Activities of aluminum in the BV-NiAl

phase at 1273 K. Standard state:
F i q1 . Acti v it ies of manganese in the B'- AI(I). Experimental data points are

PdMn phase at 1273 K. Standard state: from Steiner and Komarek (1964). The
iB-Mn (s). Experimental data points are theoretical curve was calculated
f rom Krachler et alI. ( 1984 ), the using the parameters given i n the
theoretical curve w as calculated f igure .
using the parameters given in the
f i g ur e
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NiSb 1173 K N NiTe 873 K
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-20 W
01/0

0

4In 
a Te0O 6 76
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-50
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Fig.3. Activities of antimony in the y-NiSb
phase at 1173 K. Standard state:

Sb(1). Experimental data p, nts are
from Leubolt et al. (11 . The Fig.4. Activities of tellurium in the 6-NiTe

theoretical curve was slated phase at 873 K. Standard state:

using the parameters giver n the Te(l). Experimental data points are
figure from Ettenberg et al. (1970). The

i theoretical curve was calculated

using the parameters given in the
figure.
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Long Range Order Parameters for M ulticon ponent Compounds
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Abstract
An ab initio description of the long range order of multicomponent alloys is carried out by a matrix, which

is defined by the atomic fractions of each component for each sublattice. The large number of parameters rin

be reduced to some extend taking into account the boundary conditions. These parameters would bc- bic

for a multicomponent Bragg-Williams theory. The processes of ordering and disordering are described I,. the

oci of composition in geometrical representations for the different sublattices. Continous transitions as ryel as
transformations in steps are possible.

1. INTRODUCTION A structure with three equivalent sublattices in a ternary

system (this is a fairly hypothetical case) could be described by

In the investigation of Heusler alloys (Heusler 1903) and the use of four long-range order parameters. Taking into ac-

related intermetallic compounds a change of the long range or- count a condition of symmetry, which will be described later on,

der (Webster 1969) may be observed during thermal treatment, the number or free parameters will be reduced to three. Three

Order-disorder transitions are possible in two steps (Wunsch parameters can be displayed in a three-dimensional diagram.

1981. Wachtel 1983). These transformations are of great in-

terest. since the magnetic properties of these alloys are mainly A structure with four equivalent sublattices, as in the Heus-

influenced by lattice rearrangement on ordering and disordering. ler alloys, in a quaternary system would need nine order param-

Since the ordering in multicomponent compounds cannot gener- eters. the symmetry condition diminishes this number to six. Six

ally be described by one order parameter. an ab initio description parameters can only be displayed in a six-dimensional space

for multicomponent compounds is developed in this paper. A random distribution of atoms gives the relations

2 BASIC IDEAS I 1 1
t.lia -. and 'ia =5)

Let i'll be the fraction of I atoms (I eiA, B, C...)) of

the sites of the sublattice J (J C {X, Y, Z,.. }). The following Deviations from this values may be regarded as a measure of the

equation may be deduced accordingly to the definition: order.

Sli = 'j - (6)

In the case of the stoichiometric composition the following equa- EY(Sl + ) 1 Y Si (0 (7)
I I

tion also holds:

SSi = 0 181

-1 12) .

A perfect order would result in the following equation

Another possibility of defining is taking into account the frac-

tions of the whole lattice: ii.1 = 61. (9)

1 1 if the I and the .1 are defined accordingly, lj is the Kronecker
= h Er,~ - .= symbol (aSj. = 1 if I = .1 and 1,., = 0 else). Deviations from

I ,I I J

this may be considered as a measure of disorder:

with

i'i.I . '.(4 )
Eqs. (1) and (2) it follows

A structure with A' sublattices and V components needs X'

quantitics for the description The 2,N equations of Eqs. (1)

and (2) result in 2.V - I conditions, since the last condition is 0i =

obeyed automatically if the others are fulfilled. This procedure N
yields ( \" - I )" free parameters. >_ ?Yjj - lZ -i s = 0 (12)

A structure with two sublattices in a binary system can be

described by one parameter. The long-range order parameter With Eqs. (10) and (11) a matrix of -lj for N = 4 may be

according to Bragg-Williams is well-known, written as



Eq (12) will yield other simplifications In the following matrix yXY
Eq 12) is taken into account for . :3 .!

C

o 0?
JA

I U 1 ii

The expression A describes a circular exchange x -y :z .x II II ] i j )
which makes globally no sence. but Iocally, e g in the surround- i) i) if U

ings of antiphase boundaries, this may occur In the following.
this rotation can be neglected The remaining three disorder u. - z
parameters descibe the pairwise exchange for two of the sublat-
tices , .

In the case V - 4, the circular exchange is more comp'i- A I

cated. three parameters A, describe different circular four site / /
exchanges Four different circular three site exchanges can be ,' i . - B -

composed by the circular four site exchanges In binary systems j e
1
4

-  
X Y e)

with two sublattices no circular exchange exists

,:. . . I , i i i

-I i I -

4 he remaining parameters are (i Ii..ii ' i Fig 1 Geometrical represent,,tions of matrices for quaternary
aind _ If the circular exchange is neglected only six parameters systems. The matrices are shown for comprison. a erfect
are remaining Tire rest matrices of the disorder parameters and order b ) Random distribution c ) Partial circular e. nange
of the occupation parameters are symmetric or can be trans- in perfit order. d ) Partial order., e and f ) Complementary
formed into the symmetric form by conventional methods representation of the cases in b and c

The geometrical representation of the fractions of the dif-
ferent kinds of atoms in a sublattice will be carried out using a
hine fk)r binaries, using a triangIe for ternaries and for quatetnaries
a tetrahdron will be suitable For tIre geometrical representa-
tions so many points are necessary as sUblattices exist In these 3 ORDER-DISORDER PROCEDURES

geometricil representations Eq (1) is regarded automatically Ord'r-disorder procedures are described by curves connect-
Eq (2) may be transformed in geometrical riles but the formu- ing limiting cases Figures i to 3 are constructed assuming a con-
lation is not sim)le in every case, especially if deviatioi.s from tinous change of the degree of order, as it is known for higher
the stoichonietrV occur order reactions. If the degree of order diminishes at a critical

Another possibility of geometrical representation is plotting temperature discontinously to zero according to a first order re-
fractions of each sublattice for all components, in this comple- action, a break of the curves through a 'two phase region' from

mentary representation Eq (2) is regarded automatical'./ If the ordered state to the random solid solution must be imagined.

the circular exchange is neglected the (description will be sightly Figures 2 a to c represent the disordering in distinct steps
more clear (especially for A :3 if for each sublattice a separate A different way of disordering is depicted in Figs 2 d and e A
definition of the direction is chosen) completely siniultaneous disordering is given in Fig 2 f

Liiting cases show an impressiv- clearness Perfect long- If ne process of disordering is partly simultaneous, curved
range order requires that the loci of the sublattices are at the loci as in Fig. 3 will arise.

ends and in the corners, respectively (Fig la) In the case of
random solution the loci of all sublattices coincide and are sit- In saes eraloys the e s it a Cereoccupied by
uated at the points of the alloy composition (Fig. ib) Fartial the me sei. Tgr
orders may be described by the centers of edges or facets (Figs.
Ic and d) The circular exchange is demonstrated together 4. CONCLUSION
with partial order in Fig Ic The complementary representation
giving the dstribution of different sublattices for each compo- The representation used here may also be applied for devi-
nent is demonstrated in Figs le and if. Figs. le and if are in ations from stoichiometry and for vacancies. Equation (2) must
correspondence with Figs lb and 1c, respectively, be modified accordingly.
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S.C C C

0t 1 a.) 1 14 0

oI
(1 1)

b d

b) oc.)

CC1

c:Fig. 3. Different procedures of partly simultaneous disordering

a.) According mainly to the procedures ot Figs. 2a and 2b. b)

According to Figs. 2e and 2e. c.) According to Figs 2a. 2b

and 2c.

I.

, , . * Z.., . W4 . A - - A

d ] B' "3, .,A i", a 43',)

S Ii I) )"* -- r . ' - p

If W '' ,aced by Y and A±C is replaced by A it follows

( i,), Fig 4 Geometric representation for a Heusler alloy. ComponentI) !, i IA and C may be ide'tical, a.) Perfect order. b.) Disordering in

( ,,; 1, ,' i' two steps, partly simultaneous. c.) Random distribution.

Fig 2 Different procedures of disordering. a. toc.) Disordering

in three distinct steps d. and e.) r))scrdering in two distinct

steps I ) Diso'dening in one step REFERENCES
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Enthalpy of formation and phase diagram 3. Experiment
of the Ga-Pb system

3.1. Compound purity and measurements
J.M. MIANE+ , P. REBOUILLON+ , R. BARET+ , accuracy

K. GAMBINO*and J.P. BROS*
All measurements were performed under

+Laboratoire de Chimie Generale, Faculte argon U atmosphere (cleaned by flow in

de Pharmacie titanium sponge at 1100 K) with high

27, Bd J. Moulin 13385 Marseille CEDEX 5, purity metals : gallium and lead with a

FRANCE. purity of respectively, 99.995 % and
99.999 % from the Koch-Light Comp..

D.S.C. ill apparatus allows us to
Thermodynamique des Systemes Metalliques, reach the heat capacities values with a
Universite de Provence precision of 2 % and the values of the
3, Pi. V. Hugo 13331 Marseille CEDEX 3, mixing enthalpy, which are measured with a
FRANCE. Calvet calorimeter, are known with a

precision of 3 %.

Abstract 3.2. Heat capacities measurements

Using a high temperature Calvet By using a differential scanning
'-alorimeter, the molar enthalpy of calorimeter D.S.C Ill (SETARAJM Soc.), with
formation of liquid Ga-Pb alloys has been a linear programmation of the calorimeter
measured at 890 K on a large range of temperature by steps [GAl], we have
concentration, measured the heat capacities of nine Ga-Pb

D.T.A. experiments and heat alloys (0.1<xpb<0.9 and 600 <T/K<900 ).
capacities measurements in the solid and At the time of these
liquid states have been conducted using a
D).S.C. calorimeter in order to confirm the experimentations, we have observed on theone hand, a large deviation from the
limits of the miscibility gap. Kopp-Neumann law in the miscibility gap

region, and, on the other hand, a break in
1. Introduction the curve of the heat capacities versus

temperature when we reach the single

As a part of our continuing liquid phase (fig. 3). This break allows

thermodynamic study of binary or ternary us to determine the temperature limit

alloys which presents a miscibility gap in between the miscibility gap and the

the liquid state, we have investigated the monophase liquid region.

Ga-Pb sytem. These results have been controlled by

This study deals with the enthalpies some D.T.A measurements and are gathered

of formation of liquid Ga-Pb alloys at 890 in figure I and table 1.

K and the equilibrium phase diagram Table 1
between 500 and 900 K.

Ga-Pb phase diagram: our results,
2. Bibliographic survey : literature data.

2.1. Phase diagram equilibrium : xPb T/K

Cp D.T.A. Ref. Predel*
Due to Predel (1959) [PRI], by using 0,024 585

D.T.A. measurements, this phase diagram ' 585
equilibrium is resumed in the compilation 0,I0 715 790
of Elliott (1965) [ELL]. 0,15 801

This system (fig. 1) presents a large 0,20 830 855
miscibility gap between 0.024<xpb'0. 9 54  0,30 855 875

from 586 K to 880 K. Concentration 0,40 875 880
0,50 880 874 880(XPbO0. 9 5 4 ) and temperature (T=586 K) 0,60 870 870

correspond to monotectic reaction. 0,70 835 850

0,80 780 810
2.2. Thermodynamics prc;erties 0,85 763

0,90 680 710

in 1988, in their compilation Kawai 0,945 585
and Shiraishi (1988) [KAW] have chosen the
calorimetric measurements due to Predel
and Stein (1971) [PR21. These mixing *read on the Predel's graph [PRI]
enthalpies are in good agreement with the
values obtairwd by Dtlsideri and Piacente These limit values determined both by
(1973) [DES] but they differ with Kwong heat capacities and thermal analysis are
and Munir (1973) (KWO] results, the both in good agreement. If all our results
obtained from activities measurements confirm the symmetry of the miscibility
(fig. 2). gap proposed by Predel (1959) HR1),

however, we have found some slight
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differences from the coordinates of this
limit. 4. Conclusion

From these results we are able tc

Mixing enthalpies weasurements: specify the precedent determinations of
the phase diagram in the liquid state and

In order to control the difference to confirm the mixing enthalpy of this

between the values proposed by Predel and system.

stein (1971) [PR2] determined by
calorimetry) and Kwong aid Munir (1973) 5. References
[KWOj (derived frc-n activities
measurements), we have measured at 890 K [DES] Desideri A., Piacente V., (1973),

the integral mixing enthalpy of eleven Ga- J. Chem. Eng. Data,21,1,90-93.

Pb liquid alloys by using a high
temperature Calvet calorimeter (500K -1300 [ELL] Elliott R.P., (1965),

K). A detailed description of this Constitution of Bynary Alloys, First

apparatus has been already published by supplement, Mc Graw-Hill Book Company.

Gambino (1976) [GA2]. For our
experimentations a complete automatisation [GAl] Gambino M., Rebouillon P., Bros

has been carried out by Rebouillon (1989) J.P., (1989),
[REB], (fig. 4). J.Less-Common Metals ,5A,195-205,

Our experimental values presented in
table 2 are described by the following [GA2] Gambino M., (1976),

equation: Th~se Doct. es-Sc. Phys., Marseille.

AmixHm = xPb(l - Xpb)(2 10 3 3 ,2 - 30261,4 [KAW] Kawai Y., Shiraishi Y., (1988),
Handbook of Physico-Chemical Properties at

xpb + 27403,0 x2 pb -1,999 23x 3pb) Hight Temperature, The Iron and Steel
Institute of Japan.

Table 2 [KWO] Kwong A.F., Munir Z.A., (1973),

J. Less-Common Metals,3Q,387-393.

xPb L--mixHm/J.mol-I [PRI) Predel B., (1959),

Experimental values Z. Metallkde,50,11,663-6
6 7 .

0.15 2186 [PR2] Predel B., Stein D.W., (1971)
0.29 3002 J. Less-Common Metals,2A,159-171.
0.38 3065
0.40 3243 [REB] Rebouillon P., (1989),
0.46 3201 These de l'UniversitC de Provence-

0.51 3308 Sciences, France.
0.58 3092
0.62 3012
0.65 2752
0.71 2705
0.76 2588

These results have been compared with the
literature (table 3) and are in good
agreement with Kwong and Munir's (1973) Fg. I Ga-Pb SYSTEM:PHASE DIAGRAM

determinations [KWO].

Table 3

/AmixHm/J.mol
- I

xpb Predel Kwong Desideri Kawai Exp.*

923 K 1000 K 1143 K 1000 K 890 K

0.1 1172 1966 2100 1194 100
0.2 3008 2343 3054 2990 2303
0.3 3519 3012 3556 3011

0.4 3778 3347 3765 3800 3360
0.5 3853 3389 3840 3860 3394
0.6 3728 3096 3728 3700 3154 0

0.7 3227 2761 3284 2684
0.8 2711 2008 2699 2770 2026 0 1,,PRE PLaO TA

0.9 1629 ].13 1611 1840 1222

* smoothed values.
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RARE EARTH-ALUMINIUM ALLOYS: OPTIMIZATION OF
THERMODYNAMIC PROPERTIES AND PHASE DIAGRAM OF THE Ce-Al SYSTEM

Gabriele CACCIAMANI, Gabriella BORZONE and Riccardo FERRO
Istituto di Chimica Generale, Universita' di Genova, Viale Benedetto XV, 3,

1 16132 - Genova, Italia

Abstract.
Constitutional properties of the Ce-Al system are briefly summarized.

The thermodynamic data concerning the formation of these alloys have been
revised and compared with the experimental values recently obtained by our
group in the measurements of the formation heats of the Ce-Al alloys. These
data together with the already known phase diagram data, have been used to
obtain an optimized description of the system.

I. - Introduction Several contradictions appear between
the different measured values. A similar

The constitutional properties of the situation probably holds for several R-Al
R-A1 systems were recently assessed and systems. This was noticed by Ran et al.
presented by Gschneidner and Calderwood (1989) while carrying out a thermodynamic
(1988 and 1989). In a recent paper Borzone optimization of the Al-Y system. Instead of
et. al. (1990) reported data concerning a using experimental values of AHf they
thermodynamic investigation of the Ce-Al preferred to use a set of values estimated
system, on the basis of the Miedema model. In the

case of Ce-Al system we believe however that
for the AHf of the solid alloys the final

2. - Ce-Al system values reported by Borzone et al. (1990) can
be considered the most reliable. These

The phase diagram of the Ce-Al system values indeed were obtained from a new group
was determined by Buschow and van Vucht of experimental data critically assessed
(1966) and assessed by Gschneidner and taking into account the available
Calderwood (1988). The following phases were information of other calorimetric
reported: investigations and the general alloying

behaviour of cerium.
a-Ce3Al (low temperature phase), 13-Ce3Al
(high temperature phase, congruent melting), The assessed version of the phase
CeAl (peritectic), CeAI2 (congruent diagram and the accepted trend of the AHf
melting), CeAl3 (peritectoidic), a-Ce3AlIi are reported in figure 1.
(low temperature phase), 13-Ce3AlII (high
temperature phase, peritectic). No extended
solid solubilities have been observed. 3, - System Qptimization

As for the thermodynamics of the R-Al The thermodynamic optimization of
alloys several investigations have been the system was carried out by using the
reported in literature (Gschneidner and Lukas program (Lukas et al. 1982).
Calderwood 1988 and 1989). In the specific
case of the Ce-Al system the following The Gibbs free energy of the pure
thermodynamic properties have been elements was expressed by the formula
described:

GpE=A-BT+CT(I-lnT)-DT 2/2-E/(2T)-FT3 /6 (1)
al of solid alloys were investigated by
acid solution calorimetry (Biltz and Pieper and the coefficients A-F (reported in
1924), by liquid Al solution calorimetry table 1) were interpolated from literature
(Colinet et al. 1985 and Sommer and Keita data (Chase et al. 1985).
1987), by direct calorimetry (Borzone et al.
1987). MHmeit of several compounds were The intermediate solid phases were
measured by Sommer and Keita (1987); AGc. of described as stoichiometric and solid state
solid alloys were studied by the e.m.f. transformations (when present) were ignored.
method (Kober et al. 1982), MH.1 x of liquid Their Gibbs free energy is expressed by the
alloys were investigated by high temperature formula
dissolution calorimetry (Fsin et al. 1979,
Zviadadze et al. 1976) and partial Gibbs GsP=GPz(Ce) xce+GPE(AI)-xAI+AHf-T-ASf (2)
free energy of mixing were measured by
Knudsen effusion method (Shevchenko et al. The composition dependence of the
1979). excess functions of the liquid has been
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TABLE 1 - Coefficients used in the analytical expression of the Gibbs free energy of the pure
elements (see equation (1)).

Phase A B C D E F

g-Ce -6786.3 -125.24583 21.203316 .0163624 78324. 0.0

6-Ce -12102.9 -219.28903 37.614159 0.0 0.0 0.0

Ce(liq) -7135.7 -217.40366 38.074402 0.0 0.0 0.0

Al(sol) -10015.4 -148.49649 31.375809 -.0163929 -360661. 2.0753 10- 5

AI(liq) -776.6 -145.62338 31.748199 0.0 0.0 0.0

- - _ TABLE 2 - Coefficients calculated (see
< < equations (2) and (3)).a) _________________

-48 Phase LOA Lo B La B

1480__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

1400 -/1235 Liq. -167593.1 -97.91327 36060 11.14867
1135 Phase AHf ASf
100 Q__

U Ce3A1 -27000* -12.30281

C." 1000 - CeAI -46000" -20.39961
845

Z CeA12 -50000* -19.58768
725 645 640 1 CeA13 -44000 -17.30780

o. 600 Ce3AlII -41000* -16.02630E 580
(0* These coefficients were not calculated

250 but accepted from Borzone et al. (1990).

200

10 20 30 40 50 60 70 80 90
Ce - at%AI----- Al

described by a series expansion of Legendre

b) polynomials:

Ge =xce "XA1 Z(Li Pi (x)) ( i=0 , 1) (3)

- 10 -/j where L. are temperature dependent
I/ parameters of the form LiA-LilBT.

I The thermodynamic descriptions of
0 -20 ] the Ce-Al phases were optimized by means of
E [ a least squares procedure described by Lukas

et al. (1977).
q E - 3 o0 L
oE -30 F Optimization was carried out using

0 the following experimental data:

< -40 I - Three phase equilibria and liquidus curves
from the assessed phase diagram (Gschneidner
and Calderwood 1988);K5 - AHf of the solid phases (Borzone et al.
1990);

Fig.1 Ce-Al system.
a) Phase diagram. The transformation - A-dis in liq. Al (Sommer and Keita 1987);
temperatures of the different phases are
indicated: 725'C Y-8 Ce; 250"C a-13 Ce3Al; - AHa.et (Sommer and Keita 1987);
1020°C a-0 Ce3AItI.

b) AH of formation of the solid Ce-Al alloys - AH.ix (Esin et al. 1979, Zviadadze et al.
(Borzone et al. 1990). 1976).
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K ______/___ ________

1600

K -20000.

1400-40000-

1000

±000I_-0000 4tE.In at al. (1979)- 1070 K

d ed: :1 :41. (1975) - 1250 KI )X Zvladezde t .. (1976) - 1550,K
- + Sonsier and Kelit. (1987) - meltino temp.

.1 .2 .3 .4 .5 'S .7 .9 .9 .1 .2 .3 .4 .5 .6 .7 .8 .9

CS .AI Al Ce X Al Al

Fig.2 - Ce-Al system: computed phase diagram Fig,3 - Ce-Al system: computed and
compared to the data points (*) belonging to experimental Mm~ai. The three Ce-richest
the assessed liquidus curve (Gschneidner and experimental points after Esin et al. (1979)
Caiderwood 1988). were not used in the calculation.

3.1 - Results andi discussion References

A preliminary calculation was Biltz,W. and Pieper,H. (1924): Z. Anorg.
carried out using all the experimental data Chem., 1,34, 13.
cited above but the results were not Borzone,G. Cacciamani,G. and Ferro,R.
completely satisfactory. A good agreement (1990): to be submitted.
was obtained in a successive calculation Borzone,G. Cacciamani,G. Saccone,A. and
after having rejected certain data reported Delfino,S. (1987): Proceeding XIII J.E.E.P.,
in literature (Esin et al. 1979) for the Lyon (France) 2-3/4/1987.
AH of the Ce-rich liquid alloys. Buschow,K.H.J. and van Vucht,J.H.N. (1966):

Z. Metallkd., 57, 162.
The parameters &Hf, ASf and Li Chase,M.W.Jr. Davies,C.A. Downey,J.R.Jr.

occurring in the expressions (2) and (3) and Frurip,D.J. McDonald,R.A. and Syverud,A.N.
now calculated are shown in table 2. (1985): JANAF Thermochemical Tables, Third

Edition, J. Phys. Chem. Ref. Data, 14,
Figure 2 shows a comparison suppl.l.

between the calculated and the experimental Colinet,C. Pasturel,A. and Buschow,K.H.J.
phase diagrams: the good agreement is (1985): J. Chem. Thermodynamics, 17, 1133.
apparent. Figure 3 summarises the trend of Esin,Yu.O. Ryss,G.M. Gel'd,P.V. (1979): Zh.
the calculated AJ-i.x in comparison to the Fiz. Khim., 53, 2380.
experimental values (in a first Gschneidner Jr.,K.A. and Calderwood,F.W.
approximation AH.ix was considered (1988): Bull. Alloy Phase Diagrams, 9, 658.
temperature independent because of the small Gschneidner Jr. ,K.A. and Calderwood,F.W.
differences reported for different (1989): Bull. Alloy Phase Diagrams, 10, 28.
temperatures and the low number of Kober,V.I. Nichkov,I.F. Raspopin,S.P. and
experimental points). Kondratov,A.S. (1982): Izv. Vyssh. Uchebn.

Zaved., Tsvetn. Metall., 5, 101.
As a final consideration it should Lukas,H.L. Henig,E.Th. and Zimmermann,B.

alIso he underlined that the overall (1977): CALPHAD, 1, 225.
consistence of the data seems to confirm the Lukas,H.L. Weiss,J. and Henig,E.Th. (1982):
good reliability of the aHf of the solid CALPHAD, 6, 229.
alloys recently determined and used in this Ran,Q. Lukas,H.L. Effenberg,G. and Petzow,G.
optimization. (1989): J. Less-Common Met., 146, 213.

Shevchenko,V.G. Kononenko,V.1. and Sukhman,
A.L. (1979): Zh. Fiz. Khim., 53, 1351.
Sommer,F. and Keita,M. (1987): 3. Less-
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THE METASTABLE PHASE IN Fm-C ALLOYS

Anatolv LJAKUTKIN

Institute of Nuclear Physics AS Kazakh SSR.Alma-Ata.480082

Abstract.-

The metastable bcc phase is crystallized from melts

in Fe-C Alloys with contents of carbon up to 1.5 wt pct

where the fcc phase is stable at high temperature. The

measurements was conducted by the magnetic susceptibility

method.

In the course of investigations of the T,C

phase transformations in Fe-C alloys by the

Thermal Magnetic Analysis Method ( in which Fig.i 1500 Fig.2

the magnetic susceptibility of a dia - or N 8cc ' &3

paramagnetic substance is measured as a fun- I \

ction of temperature ) it was established 30 I 1400

that the melts of Fe-C alloys with contents i Ifcc,

of C up to 1.5 wt pct is crystallized into 25 J

metastable bcc S -phase . in spite of 1300

stability of fcc r -phase at high tempe- - _.

rature at alloys with contents of C more 1300 1400 T,C 0.5 1.0 1.5

than 0.51 wt pct ( Ljakutkin et al. 1984). Fig.1. The temperature dependence of MS for

This metastable -phase is transformated alloy Fe-1.5C wt pct. - heat. ;- - - cool.

into stable (' -phase after certain super- Fig.2. Diagram Fe-C. The metastable equi-

cooling the value of what was up to 100 C. libbrium is shown by the dotted lines.

It was established also that melt of

pure Fe is crystallised in any event into

bcc 6 -phase even then the supercooling of References

melt was bellow than 1400 C i.e. in the re- Ljakutkin A. V. , GriQorovith V. K. and

gion of existence of fcc r -phase - Ivakhnenko I. S. (1994) i Docl. Acad.

This is the evidence of preference bcc stru- Nauk SSSR , vol. 275. p 1449 (in Russian).

cture at high temperature and that a pattern

of metallic melts is in more accordance with Ljakutkin A.v. (92 ph2 ( Musan.
Metalloved. vol. 54. p.

12 9 
(in Russian).

bcc than fcc structure. The solidification

into a intermediate phases was discovered in Ljakutkin A.V. (1988)s Journ. Therm. Anal.t

some fcc metals (Ni,Co.Cu.Pt) ( Ljakutkin vol. 33, p. 865.

19821 Ljakutkin 1988).

The obtained results can be explained

by the assumption that solidification occur

in accordance with the diagram of metastable

equilibrium ( if the lines of solidus and

liquidus of 6 -phase is continued in the

region of carbon contents more than 0.51 wt

pct ) (Ljakutkin et al. 1984).
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